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PEEFAOE, 



The following Treatise was originally prepared to sup- 
ply a want felt by the compiler, whilst engaged in teaching 
Natural Philosophy to college classes. It is now proposed 
to introduce into it, in a simplified form, the results of 
many years' experience in its use as a text-book. To ac- 
complish this, the entire book has been rewritten, the de- 
scriptive matter condensed, the demonstrations simplified, 
and the practical scope of the work extended ; but in no 
instance has any essential principle been omitted. The 
most important, if not the only, change in the plan of the 
work is the omission of the Calculus. This change has 
been made, to cause the work to conform more closely 
to the original design, which was, to produce a book 
that should form a suitable connecting link, between 
purely popular works, on the one hand, and those of the 
highest grade, on the other. In most of our Colleges, 
the Calculus is either not taught at all, or else its study 
is made optional, and pursued without reference to its 
use as a tool for scientific investigation. The cljange 
referred to, brings this edition of the work within the 
range of the College Curriculum, and it is hoped does 
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4 PREFACE. 

not impair its value as a text-book for Schools of Science. 
As modified, it embraces all the elementary propositions 
of Mechanics, arranged in logical order, rigidly demon- 
strated and fully illustrated by practical examples; its 
scope, sufficiently extended to meet the wants of Colleges 
and Schools of Science; its treatment, so simple that it 
may be read with profit by those who have not the 
leisure to make the mathematical sciences a specialty ; and 
its plan, such as to render it a suitable introduction to 
those higher treatises on Mechanical Philosophy, that all 
must read who would appreciate and keep pace with the 
discoveries of modem science. 

Columbia College, 
June 17th, 1870. 
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MECHANICS. 



CHIPTEB I. 

DEFINITIONS AND INTRODUCTORY REMARKS, 

Definition of a Body. 

1. A BODY is a collection of material particles. A body 
whose dimensions are exceedingly small is called a material 
point 

Rest and Motion. 

2. A material point is at rest, when it retains a fixed 
position in space ; it is in motion, when its position in space 
is continually changing. 

Rest and motion, with respect to surrounding objects, 
are called relative rest and relative motion, to distinguish 
them from absolute rest and absolute motion. 

Rectilinear and Onrvilinear Motion. 

3. The path traced out by a moving point is called its 
trajectory. When this is a straight line, the motion is 
rectilinear; when it is a curve, the motion is curvilinear. 

When the motion of a body is spoken of as rectilinear or 
curvilinear, it is understood that some particular point 
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12 MECHANICS. 

of the body is referred to, such as the centre of gravity, or 
the centre of figure. 

Motion of Translation and Rotation, 

4. A body has a motion of translutmi when all its points 

move in parallel straight lines; it has a motmi of rotatmi 

when its points move in arcs of circles having their centres 

in the same line : this line is the axis of rotation. All other 

varieties of motion result from some combination of these 

two. 

Uniform and Vaiied Motion. 

5. The VELOCITY of a point is its rate of motion. When 
it moves over equal spaces in equal times, the velocity is 
constant and the motion uniform; when it moves over 
unequal spaces in equal times, the velocity is variable and 
the motion varied. If the velocity continually increase, 
the motion is accelerated; if it continually decrease, the 
motion is retarded. 

In uniform motion, the space passed over in one second 
is taken as the measure of the velocity. In varied motion, 
the velocity at any instant is measured by the space that 
would be passed over in a second were the velocity to 
remain the same as at that instant. 

Definition of a Force. 

6. A FORCE is anything that tends to change the state 
of a body with respect to rest or motion. If a body is at 
rest, anything that tends to put it in motion is a force ; if 
a body is in motion, anything that tends to change either 
its direction or its rate of motion, is a force. 

Classification of Forces, 

7. Forces may be divided into two classes, extraneous 
and molecular: extraneous forces act on bodies from with- 
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DEFINinOKS AND IKTRODUCTOBY BEMABK6. 13 

out; molecular forces are exerted between the neighboring 
particles of bodies, 

BxtraneouB Foroee. 

8. Extraneous forces are of two kinds, pressures and 
moving forces : pressures simply tend to produce motion ; 
moving forces actually produce motion. Thus, if gravity 
act on a fixed body, it creates pressure ; if on a free body, 
it produces motion. 

Moving forces are either impulsive or incessant : an im- 
piihive force^ or an impulsey is one that acts for a moment 
and then ceases ; an incessant force is one that acts con- 
tinuously. We may regard an incessant force as a suc- 
cession of impulses, imparted at equal, but exceedingly 
small intervals of time. When the elementary impulses 
are equal, the force is constant; when they are unequal, 
the force is variable. Thus, gravity, at any place, is a 
constant force; the effort of expanding steam is a variable 
force. 

Molecnlar Forces. 

9. Molecular forces are of two kinds, attractive and 
repellent : attractive forces tend to bind the particles of 
a body together; repellent forces tend to thrust them 
asunder. Both kinds of molecular forces are continually 
exerted between the molecules of bodies, and on the pre- 
dominance of one or the other depends the physical state 
of a body. 

Oonstltation and Classification of Bodies. 

10. It is generally believed that matter, in its ultimate 
form, consists of minute, indivisible, and indestructible 
parts, called atoms. These are grouped in various ways, 
under the action of molecular forces, to form molecules, ox 
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14 MECHANICS. 

particles; and these again are united to form larger 
bodies. The relations that exist between the molecular 
forces, in different cases, form a basis for the classifi- 
cation of bodies : they are divided into two classes, solids 
and fluids; and fluids are again divided into liquids 
and gases. In solids, the molecular forces of attraction 
prevail over those of repulsion; in liquids, they are 
nearly balanced; in gases, the forces of repulsion pre- 
vail over those of attraction. In solids, the particles ad- 
here so as to require some force to separate them; in 
fluids, the particles move freely amongst each other, yield- 
ing to the slightest force. Solids tend to preserve both 
their shape and volume; liquids tend to preserve their 
volume, but take the shape of the containing vessel ; gases 
have no tendency to retain either their volume or their 
shape. Many bodies are capable of existing in different 
states, according to temperatui'e. Thus, ice, water, and 
steam are the same body in different states. 

Sssential Properties of Bodies. 

11. There are certain properties common to all bodies, 
and without which we could not conceive them to exist : 
these are extension, impenetr ability, and inertia. 

ExTENSiOi^' is that property by virtue of which a body 
occupies a portion of space. Every body has length, 
breadth, and thickness. 

Impenetrability is that property by virtue of which no 
two bodies can occupy the same space at the same time. 
The particles of one body may be thrust aside by those of 
another, as when a nail is driven into wood; but where 
one body is, no other body can be. 

Inertia is that property of a body by virtue of which it 
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DEFINITIONS AND INTRODUCTORY REMARKS. 15 

tends to continue in the state of rest or motion in which it 
may be placed, until acted on by some force. 

Matter has no power to change its state with respect to 
rest or motion ; if at rest, it cannot set itself in motion ; 
or, if moving, it cannot change either the Tide or the direc- 
tion of its motion. If a force act on a body to change its 
state of rest or motion, it develops a resistance that acts in 
a contrary direction. This resistance is called the. force of 
inertia. The force that a moving body possesses and is 
capable of giving out, when its motion is opposed, is called 
living force. 

Laws of Motion. 

12. The laws of motion, commonly known as the New- 
tonian Laws, depend on the principle of inertia. They 
may be enunciated as follows ; 

1st Law, If a body he at rest, it will remain at rest ; 
or if in motion, it will move uniformly hi a straight line, 
till acted on hy some force, 

2d Law, If a hody he acted on hy several forces, it will 
ohey each as though the others did not exist, and this whether 
the hody he at rest or in motion, 

Zd Law, If a force act to change the state of a hody with 
respect to rest or motion, the hody will offer a resistance 
eqtcal and directly opposed to the force. 

These laws are deduced from universal experience, and 
are accepted as axiomatic in treating of the motion of 
bodies. 

Secondary Properties of Bodies. 

13. Besides the properties common to all bodies, there 
are other properties possessed in a greater or less degree by 
different bodies, that may be called secondary. Of these, 
the most important, from a mechanical point of view, are 
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16 MECHANICS. 

porosity, compressibility, dilatability, and elasticity, all of 
which arise from peculiarity of atomic constitution. 

Porosity is that property by virtue of which the par- 
ticles of a body are more or less separated. The inteime- 
diate spaces are called pores. When the pores are small, 
the body is dense ; when they are large, it is rare. Gold is 
a dense body, hydrogen a rare one. It is to be observed that 
the interatomic spaces, which are properly called pores, are 
regularly distributed throughout the body, and should not 
be confounded with those irregular spaces that may be 
called cavities or cells, examples of which may be seen when 
a loaf of bread is cut across. 

CoMPBESSiBiLiTY is that property by virtue of which the 
particles of a body may be made to approach each other, 
so as to occupy less space. 

Dilatability is that property by virtue of which the 
particles of a body may be separated to a greater distance, 
so as to occupy more space. 

Elasticity is that property by virtue of which a body 
tends to resume its original form, or volume, after com- 
pression or extension. The effort that a body exerts to 
return to its original form or volume after distortion, is 
called the force of restitution ; and when this is very great 
in comparison with the force of distortion, the body is 
highly elastic. Ivory is an example of a highly elastic body ; 
clay is very inelastic. Within certain limits most bodies 
may be considered as elastic, — that is, if they be slightly 
distorted, they will completely recover their original shape, 
or volume, on the removal of the force of distortion. 

Force of Oravity and Weight. 
14. Observation shows that the earth exercises an at- 
tractive force on bodies, tending to draw them toward its 
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centre. This force is called the force of gravity. It acts 
on every particle, and if the body be supported, it produces 
a pressure proportional to the quantity of matter in it; 
this pressure is called the weight of the body. 

Newton showed that terrestrial gravity is only a particu- 
lar manifestation of a general law, which certainly prevails 
throughout the solar system, and probably throughout the 
physical universe. This law, sometimes called (he New- 
tonian law of universal gravitation, may be enunciated as 
follows : 

Every particle of matter attracts every other particle, 
with a force that varies directly as the mass of the attract- 
ing particle, and inversely as the square of the distance 
between the particles. 

It has also been shown that the attraction of the earth 
on bodies exterior to it, is very nearly the same as though 
all its matter were concentrated at its centre. Because the 
form of the earth is that of an oblate spheroid, having its 
axis coincident with that of revolution, the force of gravity 
increases slighty in passing from the equator toward the 
pole. The weight of a body must therefore increase at the 
same rate. That this increase of weight may be rendered 
apparent, the weighing must be performed by a spring 
balance, or some equivalent method, for, were the ordinary 
balance used, the increased weight of the body would be 
accompanied by a like increase in the weight of the coun- 
terpoise. 

Mass and Density. 

15. The MASS of a body is the quantity of matter it con- 
tains. We have seen that the weight of a body increases 
at the same rate as the force of gravity ; hence the quo- 
tient obtained by dividing the weight at any place by the 
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force of gravity at that place is constant. This quotient is 
always proportional to the quantity of matter in the body, 
and for this reason is taken as the measure of its mass. 
Denoting the mass of a body by M, its weight by W, and 
the force of gravity by g, we have, 

w 
M=-; whence, W= Mg (1) 

The DENSITY of a body is the degree of compactness of 
its particles. It is proportional to the quantity of matter 
in a given volume. We may take, as the measure of a 
body's density, the quotient of its mass by its volume; 
or, denoting the density by D, the volume by F, and the 
mass by M, we have. 

Combining this with equation (1), we find, 

W 
Z> = ~ ; whence, W = DVg (2) 

Formulas (1) and (2) are of frequent use in Mechanics. 

The quantity of matter that weighs one pound is taken 
as the unit of mass. The density of distilled water at 39° 
Fah. is taken as the U7iit of density. 

Momentum or Quantity of Motion. 

16. The MOMENTUM, or the quantity of motion of a 
body, is the product of its mass by its velocity. If a force 
act to impart motion, it is obvious that the force must in 
the first place be proportional to the mass moved; and in 
the second place, to the velocity it can impart. It is in 
accordance with this principle that rnomentum, or quantity 
of motion, is used as a measure of force. 
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DEFIi^ITIOiTS AND INTRODUCTORY REMARKS, 19 

Measure of Forces. 

17. A force is measured by comparing it with some other 
force of the same kind taken as a unit There are two 
kinds of forces — pressures and moving forces ; and conse- 
quently two kinds of units. 

The tinit of pressure is one pound ; when we speak of a 
pressure of n pounds, we mean a force that would, if di- 
rected vertically upward, just sustain a weight of n pounds. 

The unit of an impuhive force is an impulse capable of 
imparting a unit of velocity to a unit of mass ; that is, an 
impulse capable of generating a unit of momentum. 

An impulsive force is measured by the quantity of mo- 
tion it can generate. If an impulse / impart a velocity v 
to a mass in, we have, 

f^mv (3) 

Impulses acting on the same or on equal masses, are pro- 
portional to the velocities they impart. 

The unit of a constant force is a constant force capable 
of generating a unit of momentum in a unit of time. 

A constant force is measured by the quantity of motion 
it can generate in a unit of time. If a constant force / 
generate a quantity of motion equal to mv in a unit of time, 
we have, 

f^niv (4) 

Constant forces acting on equal masses are proportional 
to the velocities they generate in the same time. 

We have seen that an incessant force may be regarded 
as a succession of impulses, imparted at equal intervals of 
time (Art. 8) ; hence, constant forces are proportional to 
their elementary impulses. 

Variable forces have diflferent values at different times. 
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The measure of such a force, at any instant, is the quantity 
of motion it could generate in a unit of time, if its intensity 
were to remain unchanged for that time. The values of 
variable forces at different times are proportional to their 
elementary impulses at those times. 

Acceleratioii due to a Force. 

18. The velocity that a constant force can generate in a 
body in a unit of time, is called the acceleration due to the 
force. If we find the value of v, in equation (4) of the last 
article, we have, 

v = ^ (5) 

That is, tlie acceleration is equal to the moving force, divided 
hy the mass moved. 

If the acceleration is known, the moving force may be 
found by multiplying the acceleration by the mass. In 
some cases the force acts independently on each particle; , 
the acceleration is then independent of the mass. The 
force of gravity is an example in which the acceleration is 
independent of the mass. 

Representation of Forces. 

19. Forces may be represented geometrically by straight 
lines, proportional to the forces. A force is given when we 
know its intensity, its point of application, and the direction 
in which it acts. When a force is represented by a line, 
the length of the line represents its in- 

o— — ^. 

tensity; one extremity represents the P 

point of application ;- and an an'ow-head 

at the other extremity shows the direction of the force. 

Thus, in Figure 1, OF is the intensity of the force ; 0, its 
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point of application ; and OP, the direction in which it 
acts. If a force be applied to a solid body, the point of 
application may be taken anywhere on its line of direc- 
tion ; and it is often found convenient to transfer it from 
one point of this line to another. The line OP prolonged 
indefinitely is called the liiie of acticyn of the force OP. 

A force may be represented, analytically, by a letter ; thus 
the force OP may be called the force P. In this case we 
assume the usual algebraic rule for estimating quantities ; 
that is, if a quantity in one sense is positive, a quantity 
in an opposite sense must be negative. 

Bquilibrinm. 

20. Forces are in equilibrium when they balance each 
other. If a system of forces in equilibrium be applied to a 
body, they will not change its state with respect to rest 
or motion : if the body be at rest, it will remain so ; if in 
motion, its motion will remain unchanged, so far as these 
forces are concerned. 

When forces balance each other through the medium of 
a body at rest, they are said to be in statical equilibrium j 
when they balance each other through the medium of a 
moving body, they are in dyna?nical equilibrium. 

If a body be at rest, or if in uniform motion, we con- 
clude that the forces acting on it are in equilibrium. 

Definition of Mechanics. 

21. Mechanics is the science that treats of the action 
of forces on bodies. 

It treats of the laws of equilibrium and motion, and is 
sometimes divided into two branches, called Statics and 
Dynamics. Statics treats of pressures ; Dyyuimics, of mov- 
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ing forces: when the bodies acted on are liquids, these 
branches are called hydrostatics and hydrodynamics; 
when the bodies acted on are gases, they are called aero- 
statics and aerodynamics. 

A better division of the subject is into mechanics of solids 
and mechanics of fluids. y 
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CHAPTER 11. 
coMPOsmoisr, resolution, and equilibrium of forces. 

Definition. 

22. Composition of forces, is the operation of finding a 
single force whose effect is the same as that of two or more 
given forces. The required force is called the resultant of 
the given forces. 

Resolution of forces, is the operation of finding two pr 
more forces whose combined effect is equivalent to that of 
a given force. The required forces are called components 
of the given force. 

Oompoiition of Forces whose directions coincide. 

23. From the rules laid down for measuring forces, it 
follows, that the resultant of two forces applied at a point, 
and acting in the same direction, is equal to the sum of the 
forces. If two forces act in opposite directions, their result- 
ant is equal to their difference, and it acts in the direction 
of the^eater. 

If any number of forces be applied at a point, some 
in one direction, and others in a contrary direction, their 
resultant is equal to the sum of those that act in one 
direction, diminished by the sum of those that act in the 
opposite direction ; or, if we regard the rule for signs, the 
resultant is equal to the algebraic sum of the components ; 
the sign of this sum indicates the direction in which the 
resultant acts. Thus, if the forces P, P', Ac, act on a point, 
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and in a direction that we may assume as positivey whilst 
the forces P", P"\ &c., act on the same point and in the 
opposite direction, then will their resultant, denoted by\K, 
be given by the equation, 

i? = (P + P' + &c.,) — {P" + F" + &c) 

If the first term of the second member is numerically 
greater than the second, R is positive, and the resultant 
acts in the direction that we assumed as positive ; if the 
first term is numerically less than the second, R is negative, 
and the resultant acts in the opposite direction ; if the two 
terms are equal, the resultant is 0, and the forces are in 
equilibrium. 

All the forces of a system that act in the general direc- 
tion of any straight line, are called honiologotis, and their 
algebraic sum may be expressed by writing the expression 
for single force, prefixing the symbol 2, which indicates 
the algebraic sum of homologous quantities. We might, for 
example, write the preceding equation under the form, 

i? = 2 (P) . . . . . (6) 

This equation expresses the fact, that the resultant of a 
system of homologous forces, is equal to their algebraic 
sum. 

Oomposition of concurrent Forces. 

24. Concurrent forces are those whose lines of direction 
intersect in a common point. The simplest case is that of 
two forces applied at a common point, but not in the same 
direction. After this, in order of simplicity, we have the 
case of several forces applied at a common point ^nd lying 
in the same plane, and then the case of several forces ap- 
plied at a common point and "not in a single plane. 
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Parallelogram of Forces. 

25. Let be a material point, and suppose it acted on 

by two simultaneous impulses, P and C represented in 

.direction and intensity by OP and 

OQ; complete the parallelogram P^, 

and draw its diagonal OR. 

If be taken as the unit of mass, 
OP and OQ will represent the veloci- 
ties due to Pand C (Ari 17), and in- y ^ , 
asmuch as the point obeys each force, as though the other 
did not exist, (Ari 12), it will be found at the end of one 
second somewhere on PR^ by virtue of the force P, and 
somewhere on QR^ by virtue of the force Q, ; it will there- 
fore be at Ry and because it moves uniformly in the direc- 
tion of each force, it must move uniformly in the direction 
OR. Had been acted on by an impulse represented 
by OR^ it would in like manner have moved uniformly 
from to -B in one second. Hence the impulse OR is 
equivalent in effect to the two impulses OP and 0§; 
that is. 

If two impulsive forces he represented ly adjacent sides 
of a parallelogram^ their resultant will be represented by 
that diagonal of the parallelogram which passes through 
their common point. 

Because constant forces are proportional to their element- 
ary impulses, (Art. 17), the above principle holds true for 
them; and because variable forces are measured by sup- 
posing them to become constant for a unit of time, (Art. 
17), the principle must hold true for them: it is therefore 
true for all kinds of moving forces. It is also true for 
forces of pressure, for if we apply a force equal and directly 
opposed to the resultant of two moving forces, it will hold 

2 
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them in equilibrium, converting them into forces of pres- 
sure, but it will in no manner change the relation between 
them and their resultant Hence, the principle is univer- 
sal ; it may be enunciated as follows : 

If two forces he represented in direction and intensity 
by adjacent sides of a parallelogram^ their resultant will 
be represented by that diagonal of the parallelogram which 
passes through their common point 

This principle is called the parallelogram of forces. 

Oeometrioal Applications of the Parallelogram of Forces. 

26. 1°. Given two forces; to find 
their resultant 

Let OP and OQ be the given forces. 
Complete the parallelogram QP and 
draw its diagonal OR; this will be 
the resultant required. ^* ®* 

2°. Given, a force and one of its components ; to find 
the other. 

Let OR be a force and OP one of its components. 
Draw PR and complete the parallelogram PQ ; OQ will 
be the other component 

3°. Given, a force and the directions of its components; 
to find the components. 

Let OR be a force and OP, OQ, the 
directions of its components ; through 
R draw RQ and RP parallel to PO 
and QO ; then will OP and OQ be the Fig. 4. 

required components. 

4°. Given, a force and the intensities of its compo- 
nents ; to find the directions of the components. 

Let OR be a force, and let the intensities of its com- 
ponents be represented by lines equal to OP and OQ; with 
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Fig. 5. 



as a centre and OP as radius, 

describe an arc, then with -B as a 

centre and OQ as a radius, describe 

a second arc, cutting the first at P j 

draw OP, and RP, and complete 

the parallelogram PQ; OP and OQ will be the required 

components. 

Polygon of Foroes. 

27. Let OQ, OP, OS, and OT, be 

a system of forces applied at a point, 
0, and lying in a single plane. To 
construct their resultant; on OQ 
and OP construct the parallelogram 
PQ, and draw i'ts diagonal OR', this 
will be the resultant of OP and OQ. 
In like manner construct a parallel- 
ogram on OR' and OS; its diag- 
onal OR", will be the resultant of OP, OQ, and OS. 
On OR" arid OT construct a parallelogram, and draw 
its diagonal OR ; then will OR be the resultant of all 
the given forces. This method of construction may be 
extended to any number of forces whatever. 

If we examine the diagram, we see that QR' is parallel 
and equal to OP, R'R" is parallel and equal to 08, R"R 
is parallel and equal to OT, and that OR is drawn from 
the point of application, 0, to the extremity of R"R. 
Hence, we have the following rule for constructing the 
resultant of several concurrent forces : 

Through their common point draw a line parallel and 
eqtcal to the first force ; through the extremity of this draw 
a line parallel and equal to the second force ; and so on, 
throughout the system ; finally, draw a line from the start* 




Fig. 6. 
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ing point to the extremity of the last line draion, and this 
will be the resultant required. 

This application of the parallelogram of forces, is called 
the polygon of forces. 

The principle holds true, even when the forces are not 
in one plane. In this case, the lines OQ, QR, E'R", &c., 
form a twisted polygon, that is, a polygon whose sides are 
not in one plane. 

When the point R, in the construction, falls at 0, OR 
reduces to 0, and the forces are in equilibrium. 

Parallelopipedon of Forces. 
28. Let OFy OQ, and OS, be three concurrent forces not 
in the same plane. On these, as edges, construct the 
parallelopipedon OR, and draw OR, 
OM, and 8R. From the principle of 
Art. 25, OM is the resultant of OP 
and OQ; and OR is the resultant of 
OJlf and OS; hence, OiZ is the result- 
ant of OP, OQ, and OS; that is, if 
three forces he represented by the con- 
current edges of a parallelopipedon, their resultant will be 
represented by the diagonal of the parallelopipedon that 
passes through their common point. This principle is 
called the parallelopipedon of forces. It is easily shown 
that it is a particular case of the polygon of forces ; for, OP 
is parallel and equal to the first, PM to the second, MR 
to the third force, and OR is drawn from the origin, 0, to 
the extremity of MR. 




Oomponents of a force in the direction of Rectangular a 

29. First To find analytical expressions for the com- 
ponents of a force in the direction of two axes. 
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Let ^-B be a force in the plane of 
the rectangular axes OX and OY. On 
it as a diagonal constmct a parallelo- 
gram J/Z, whose sides are parallel to 
OX and OT. Denote AR by i2, AL 
by X, AMj equal to LR^ by P", and 
the angle LAR^ equal to the angle 
the force makes with OX, by a, 
have, 



X^ 



Fig. 8. 

From the figure, we 



X= R cos a, and 1^= iZ sin a 



(7) 



In these expressions the angle a is estimated from the 
positive direction of the axis of Xy around to the force, in 
accordance with the rule laid down in Trigonometry. The 
component X will have the same sign as cos a, and the 
component T the same sign as sin a. 

Secondly. To find the components of a force in the direc- 
tion of three rectangular axes. 

Let ORj denoted by -B, be the given force, and (?X, OTy 
and OZy the given axes. On OR, as a diagonal, construct 
a parallelopipedon whose edges 
are parallel to the axes. Then/*-- 
will OL, OMy and OJV'be the re- 
quired components. Denote these 
by Xy Yy and Zy and the angles 
they make with OR by a, ^, and 
7. Join R with i, My and iV, by 
straight lines. From the right- 
angled triangles thus formed, we 
have, 




I1g.9. 



X = ^ cos a, F = i? cos /S, and Z = ^ cos y . . . (8) 
The angles a, ^, and 7 are estimated from the positive 
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directions of tlie corresponding axes, as in Trigonometry, 
and each component has the same sign as the correspond- 
ing cosine. 
If a force be resolved in the direction of rectangular 
' axes, each component will represent the total effect of the 
given force in that direction. For this reason such com- 
ponents are called effective components. It is plain, that 
the component in the direction of each axis, is the same as 
\kQ projection of the force on that axis, the projection being 
made by lines through the extremities of the force, and 
perpendicular to the axis. Hence, we may find the effective 
component of a force in the direction of a given line, 
geometrically y by projecting the force on the line, or an- 
alytically ^ by multiplying the force into the cosine of its 
inclination to the line. 




Analytical Oompoiition of Rectangular ForoM. 

30. First. When there are but two 
forces. 

Let AL and AM be rectangular 
forces, denoted by X and Yy and let 
AR, denoted by i2, be their resultant. 
Denote the angle RAL by a. Then, 
because LR =Yy we have, from the ' Pig.io. 
triangle ALRy 

R z^VX"" + y*; cos a = -^ ; and sin a = ~ (9) 

si Jti 

The first of these gives the intensity, the second and third 
the direction of the resultant. 

Secondly. When there are three forces not in one plane. 
Let OLy OMy and ON, be rectangular forces denoted by 
Xy Yy and Zy and let ORy denoted by Ry be their result- 



Digitized by VjOOQ IC 



COMPOSITION, ETC^ OF FORCES. 



31 



ani Denote the angles which 
R makes with OL, OM, and ON 
by a, ft and 7. Then, from the 
figure, we have, 
R:=VX^ + Y^ + Z\ . . (10) 

JT Y 

COS a = -^ ; COS ^ = -^ ; and. 



Z 

cosy = -g 




(11) 



Fig. 11. 



The first gives the intensily of the resultant, the others 

its direction. 

Examples. 

1. Two pressures of 9 and 12 pounds act on a point, and at right 
angles to each other. Required, the resultant pressure. 

SOLUTION.- 

We have, 

X=9,and r=12; .-. i2=V81 + 144 = 15. 



Also, COS a = — = .6 ; 



a = 63** r 47". 



That is, the resultant pressure is 15 lbs., and it makes an angle of 
53' r 4r' with the first force. 

2. Two rectangular forces are to each other as 8 to 4, and their 
resnltant is 20 lbs. What are the intensities of the components ? 

SOLUTION. 

Wehave,8r=4X,or r= |X, andi2=20; 



Hence, X = 12, and r= 16. 

8. A boat &stened by a rope to a point on shore, is urged by the 
wind perpendicnlar to the current, with a force of 18 pounds, and 
down the current by a force of 22 pounds. What is the tension on 
the rope, and what angle does it make with the current? 

SOLUTION. 

We have, 

X=22,and r=18; .-. 1? =^808 = 28.425 ; 



Also, co8a = ^^; 



a=:89'*ir20". 
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Hence, the tension is 28.425 lbs., and the angle aO" 17' 20". 

4 Required the intensity and direction of the resultant of three 
forces at right angles to each other, haying tiie intensities 4, 5, and 6 
pounds, respectively. 

SOLITnOK. 

We have, 

X=4, r=5,and^=6. .'. i2 = v^ = 8.775. 

Ai 4^5,. 6 

Also, cosa = — =z,cos/? = 5-=-,andcosr = ; 



8.775 ' "^ 8.775 ' ^ "" 8.775 ' 

whence, a = 62° 52' 51", /? = 55° 15' 50", and ^^ = 46° 51' 43". 

Hence the resultant pressure is 8.775 lbs., and it makes, with the 
components taken in order, angles equal to 62° 52' 51", 55° 15' 50", 
and 46° 51' 43". 

5. Three forces at right angles are to each other as 2, 3, and 4, and 
their resultant is 60 lbs. What are the intensities of the forces ? 

Am, 22.284 lbs., 33.426 lbs., and 44.568 lbs. 

Application to Groups of Ooncnrrent Forces. 

31. The principles explained in the preceding arti- 
cles, Enable us to find the resultant of any number of 
concurrent forces. Let P, P', P", &c., be a group of con- 
current forces. Call the angles they make with the axis 
of Xy a, a', a", &c. ; the angles they make with the axis of 
Y, 13, /3', 13", &c. ; and the angles they make with the axis 
of Z, y, y\ y"y &c. Kesolve each force into rectangular 
components parallel to the axes, and denote the resultants 
of the groups parallel to the axes by X, Y, and Z. We 
have, (Art. 24), 

X= 2:(P cos a), r= I {F cos iS), Z= S {F cos 7). 

If we denote the resultant by E, and the angles it 
makes with the axes by a, b, and c, we have, as in Arti- 
cle 30, 

^= vxnnr~vz^. 

IT Y Z 

cos a = -_, cos J = —, and cos c = — . 
R R R 
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These formulas determine the intensity and direction of 
the resultant. 

When the given forces lie in the plane XY^ Z reduces 
to 0, cos i3 hecomes sin a, cos h becomes sin a, and the for- 
mulas reduce to, 

X= 2" (P cos a), and F= 2: (P sin a). 



R = \/jr + y*, and cos a = -=, and sin a = ^. 

Examples. 

1. Three concurrent forces, whose intensities are 50, 40, and 70, lie 
in the same plane, and make with an axis, angles equal to IS"", dO"", 
and 45**. Required the resultant 

SOLUnOK. 

We have, 

X= 50 cos 15'' + 40 cos 80** + 70 cos 45** = 132.486, 
and 

r=50sinl5° + 40sm 30'' + 70 sm 45^=82.44; 

whence i2=V 6798+ 17539 = 156; 

, 133.485 o-io KA'^cn 

and, c<»a = — rrs— ; /. « = 3r 54' 13". 

The resultant is 156, and the angle it makes with the axis is 31** 
54' 13". 

3. Three forces 4, 5, and 6, lie in the same plane, and make equal 
angles with each other. Required the intensity of their resultant 
and the angle it makes with the least force. 

SOLUTION. 

Take the least force as the axis of X Then the angle between it 
and the second force is 130°, and that between it and the third force 
is 240^ We have, 

X=4+5cosl30** + 6cos340°=-1.5; 
r= 5 sm 130° + 6 sin 340° = - .866; 

.•.i2=v/3,co8a=-j^,sma=-j^; .-. a = 310°. 

3. Two forces, one of 5 lbs. and the other of 7 lbs., are applied at 
the same point, and make with each other an angle of 130°. What 
is the intensity of their resultant Ans. 6.34 lbs. 

2* 
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Formula lor tha RasnltaBl o£ two ForoM. 
32. Let P and P'y be two forces in the same plane, and 
let the axis of Xbe taken to coincide with P ; a will then 
be 0, and we shall have sin a = 0, and 
cos a = 1. The value of X (Art 31) 
will be P + jP cos a', and the value 
of Y will be P' sin a'. Squaring 






7B 



these values, substituting in Equa- i^- *• ^ 
tion (9), and reducing by the relation 
sin* a' + cos* a' = 1, we have, 

R =Vp« + P'« + 2PP'cosa' (12) 

The angle a' is the angle between the given forces. 
Hence, 

The remltani of two concurrent forces is equai to the 
square root of the sum of the squares of the forces^ plus 
twice the product of the forces into the cosine of their in- 
cluded angle. 

If a' is greater than 90°, and less than 270°, its cosine is 
negative, and we have, 

E =Vp* + p'* - 2PP' cos a'. 

If a' = 0, its cosine is 1, and we have, >^ 

R = P + r. > ^ f^ ' ' 
If a' = 90°, its cosine is 0, and we have, 

R=\/p« + P'«. 
If of = 180°, its cosine is — 1, and we have, 

R = P-P'. 

Examples. 

1. Two forces, P and Q, are equal to 24 and 30, and the angle be- 
tween them is 105". What is the intensity of their resultant? 

i2= i/24« + 30« + 2 X 24 X 30 cos 105° = 33.21. 
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2. Two forces, P and Q, whose intensities are 5 and 12, haye a 
resultant whose intensity is 18. Required the angle between Ihem. 



18 =\/26 + 144 + 2 X 5 X 12 cos a. 
/. cos a = 0, or n: = 90*. Ans, 

3. A boat is impelled by the current at the rate of 4 miles per hour, 
and by the wind at the rate of 7 miles per hour. What will be her 
rate per hour when the direction of the wiiid makes an angle of 45** 
with that of the current ? 

i2=\/i6HM9 + 2 X 4 X 7 cos 45** = 10.2m. Ans, 

4. A weight of 50 lbs., suspended by a string, is drawn aside by a 
horizontal force until the string makes an angle of 30** with the yer- 
ticaL Required the yalue of the horizontal force, and the tension 
of the string. An$. 28.8675 lbs., and 57.785 lbs. 

5. Two forces, and their resultant, are all equal. What is the 
angle between the two forces? Ana, 120^. 

Relation between two F'oroes and their Resultant. 

33. Let P and Q be two forces, and R their resultant 
Then because QP is a parallelogram, 
the side PR is equal to Q. From 
the triangle ORP, because the sides 
are proportional to the sines of :^e_ 
opposite angles, we have, 

PiQ:R::sin ORP : sin ROP : sin OPR. 

But, ORP = QOR, and OPR = 180°— ^ OP; hence, we 
have, 

P : G : ^ - sin QOR : sin ROP : sin QOP ; . . . (13) 

That is, of two forces and their resultant, each ispropm*- 
tional to the sine of the angle between the other two. 

If we apply a force R' equal and directly opposed to i2, 
the forces P, Qy and R' will be in equilibrium. The an- 
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gles QOR and QOR' are supple- 
ments of each other; hence, 
sin QOR = sin QOR'; the angles 
ROP, and FOR\ are also sup- 
plementary; hence, sin ROF = 
sin FOR'. We have also i2 = i2'. 
Making these substitutions in the 
preceding proportion, we have, 

F:Q:R':: sin QOR' : sin FOR' : sin QOF. . . . (14) 

Hence, if three forces are in equilibrium^ each is prdpor- 
tional to the sine of the angle between the other two. 

j^Jy, / ' ' ^ Principle of Moments. 

34. The moment of a force, with respect to a point, 
is the product of the intensity of the force, by the 
perpendicular from the point to the direction of the 
force. 

The fixed point is the centre of moments; the perpen- 
dicular is the lever arm of the force; and the moment 
itself measures the tendency of the force to produce rota- 
tion about the centre of moments. 

Let F and Q be two forces, and R their resultant; 
assume a point (7, in their plane, 
as a centre of moments, and 
from it, let fall on the forces, 
perpendiculars, Cp, Cq, and Or; 
denote these perpendiculars by ^ 

p, q, and r. Then will Pjt?, Qq^ J^- is. 

and Rr^ be the moments of P, Q, and R. Draw CO, and 
from F let fall the perpendicular FS, on OR. Denote the 
angle ROF, by a, ROQ, or its equal, ORP, by /S, and 
ROC by <p. 
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Since PR = Qy we have from the right-angled triangles 
OP/Sand PRS^ the equations, 
.O^^K ^ ^ = C COS i3 + P COS a. 
5 /> i = ^ sin /3 — P sin a. 

Multiplying both members of the first by sin 9, and of 
the second by cos 9, and adding, we find, 

jP sin 9 = Q (sin 9 cos i3 + sin /S cos 9) + 
P (sin 9 cos a — sin a cos 9). 
Whence, by reduction, 

P sin 9 = C sin (9 4- /?) + P sin (9 — a). 
From the figure, we have, 

«in 9 = ^, sin (9 - «)= -^, and sin (9 + P) = -^ 

Substituting in the preceding equation, and reducing, 

we have, 

Rr=Qq + Pp. 

When G falls within the angle PORy 9 — a is negative, 

and the equation just deduced becomes 

Rr= Qq^ Pp. 

Hence, in all cases, the moment of the resultant of two 
forces is eqtcal to the algebraic sum of the moments of the 
forces taken separately. 

If we regard the force Q as the resultant of two others, 
and one of these in turn, as the resultant of two others, 
and so on, the principle may be extended to any number 
of concurrent forces in the same plane. This principle 
may be expressed by the equation, 

Rr = I{Pp) .... (15) 
That is, ths moment of the resultant of any number of 
concurrent forces, in the same plane, is equal to the algebraic 
sum of the moments of the forces taken separately. 
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This is ihe principle of moments. 

The moment of the resultant is the resultant moment; 
the moments of the components are component moments; 
and the plane passing through the resultant and centre 
of moments, is the plane of moments. 

When la force tends to turn its point of application ahout 
the centre of moments, in the direction of the motion of 
the hands of a watch, its moment is considered ^o^tVfva; 
consequently, when it tends to produce rotation in a con- 
trary direction, its moment must be negative. If the result- 
ant moment is negative, the tendency of the system is to 
produce rotation in a negative direction. If the resultant 
moment is 0, there is no tendency to rotation. The result^ 
ant moment may become 0, in consequence of the lever 
arm becoming 0, or in consequence of the resultant itself 
being 0. In the former case, the centre of moments lies 
on the direction of the resultant, and the sum of the mo- 
ments of the forces that tend to produce rotation in one 
direction, is equal to that of those tending to produce rota- 
tion in a contrary direction. In the latter case, the system 
is in equilibrium. 

Moment of a Force with respect to an Axis. ' 

35. Let P be a force and OZ any axis. Draw a line, 
A By perpendicular to the force 
and also to the axis. Let A be 
taken as the point of application 
of the force, and at this point 
resolve it into two components 
P" and P'y the former parallel^ 
and the latter perpendicular to 
OZ. The component F" can ^-is- 

have no tendency to produce rotation about the axis; 
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hence, the moment of P- with respect to B^ will be the 
fiame as the moment of the given force with respect to the 
axis. But, P' is the projection of P on a plane perpen* 
dicular to the axis, and B is tiie point in which this plane 
intersects the axis. Hence, to find the moment of a force 
writh respect to an sxib, project the force on a plane perpen- 
dicular to the axis, and find the moment of the projection 
with respect to the point in which the . perpendicular plane 
cuts the axis. 

The axis is an axis of rotation, and any plane perpendi- 
cular to it, is SL plane of rotation. 

To find the resultant moment of a system of forces in 
space, with respect to any line as an axis; assume a 
plane perpendicular to the given line as a plane of rota- 
tion, project the forces on it, and find the moments of the 
projections with respect to the point in which the plane 
cuts the axis; these will be the component moments. 
The resultant moment is the algebraic sum of the com- 
ponent moments. 

Fzinciple of Virtual Moments. 

36. Let P be a force applied to the material point 0; 
let be moved by an extraneous force to some position, G, 
very near to 0; project the path 0(7 on 
the direction of the force: the projec- v^ Of ^P 

tion Op, or Op', is called the virtual l^^^g 
Velocity of the force, and is positive when lig. n. 

it falls on the direction of the force, as 
Op, and negative when it falls on the prolongation of the 
force, as Op'. The product of a force by its virtual velo- 
city is called the virtual moment of the force. 

Assume the figure of Article 34 Op, Oq, and Or are 
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the yirtual velocities of Py Qy and B. Let ns denote the 

virtual velocity of a force by the ^ B 

symbol 8y followed by a small 
letter of the same name as that 
which designates the force. 

We have from the figure^ as in 
Article 34, ««• ^ 

iJ = P cos a + QqobP. 
= Psina — QAr p. 

Multiplying both members of the first, by cos 9, of the 
second, by sin 9, and adding, we have, 

J?C0S9> = P (cos a cos 9 + sin a sin 9) + 
Q (cos 9 cos ^ — sin 9 sin iS). 
Or, by reduction, 

iJ cos 9 = P cos (9 — a) + C cos (9 + jS). 

But, &om the right-angled triangles COpy COq^ and 
COvy we have, 

cos9=-j^cos (9 - a) = ^ and cos (9 + ^) = ^; 

Substituting in the preceding equation, and reducing, we 
have, 

B^r = P^p + Q^q> 

Hence, the virtual moment of the resultant of two forcesy 
is eqtud to the algebraic sum of the virtual moments of the 
forces taken separately. 

If we regard Q as the resultant of two forces, and one* 
of these as the resultant of two others, and so on, the 
principle may be extended to any number of forces, 
applied at the same point. This principle may be ex- 
pressed by the following equation : 

R6r = i:{P6p); (16) 
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Hence, the virttial mament of the resultant of any num- 
ter of concurrent forces, is equal to the algebraic sum of 
the virtual nwrmnts of the forces taken separately. ( / /(' 

Resultant of Parallel Forces. ' 

37. Let P and Q be two forces in the same plane, and 
applied at points invariably con- 
nected — for example, at the points 
M and iV of a solid body. Their 
lines of direction being prolonged, 
will meet at some point O; and if 
we suppose the points of applica- 
tion to be transferred to O, their 

resultant may be determined by the parallelogram of forijes. 
Whether the forces be so transferred or not, the direction 
of the resultant will always pass through 0, and will lie 
between F and Q. Now, supposing the points of applica- 
tion at M and iV", let the force Q be turned about N as an 
axis. As it approaches parallelism with P, O recedes 
from M and iV", and the resultant also approaches parallel- 
ism with P. Finally, when Q becomes parallel to P, is 
at an infinite distance from M and N, and the resultant is 
parallel to Pand Q. 

Hence, if two forces are parallel and act in the same 
direction^ their resultant is parallel to both and lies between 
ihon. 

Whatever may be the position of F and Q, the value of 
the resultant, (Art. 34), will be given by the equation, 
^ = P cos a + g cos iS. 

But when the forces are parallel and act in the same 
direction, we have, a = 0, and ^ = ; or, cos a = 1, and 
cos i3 = 1. Hence, ~ 

R^F + Q. (17) 
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That IB, the intensity of the resultant is equal to the sum of 
the intensities of the two forces. 

Let P and Q be parallel forces acting in the same direc- 
tion, R their resnltant, and S 
the point in which the direo- JBL. 

tion of R cuts the line joining 
the points of application of 



^ 



-4»a 



-»^ 



P and Q. Through JVT draw I 

NLy perpendicular to the ?!«.«. 

forces, and take (7, its inter- 
section with i?, as a centre of moments. The centre of 
moments being on the direction of the resultant, the lever 
arm of the resultant will be 0, and from the principle of 
moments, (Art 34), we have, 

P XCL= Qx GN; 
or, P'.Q::CN\CL. 

But, from the similar triangles CNS and LNMy we have, 

CN:CL::SN:SM. 
Combining the two proportions, we have, 
P: Q::SN:SM. (18) 

That is, the resultant divides the line joining the points 
of application of the components, inversdy as the compo- 
nents. 

If a force R' be applied at S equal and directly opposed 
to R, it will hold P and Q in equilibrium. The forces R', 
Py and Q, being in equilibrium, Q must be equal and 
directly opposed to the resultant of R' and P. But, R' 
and P are parallel and act in opposite directions, R' being 
the greater. Hence, the resultant of two parallel forces 
acting in opposite directions, is parallel to both, lies without 
both, on the side and in the direction of the greater, and its 
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intensity is equal to the difference of the intemilies of the 
given forces. 

. If P and e, Fig, 21, repre- y 

sent two such forces, and B 
their resultant ; 

shown, as in the preceding B^ " i — *-*ll 
article, that, pjg. %%, 

F:Q::SN:SM.... .{19) 

By composition, we find, 

F:Q:P + Q : : S:N^: 8M: SN + SM; 
and by division, 

F:Q:F " Q:: SK: SM: SK- 8M. 

When the forces act in the same direction, as in Fig. 20, 
P+ Q=zR,2,^^SN+ SM= MN. 

When they act in opposite directions, as in Fig. 21, 
P - g = J2, and SN - SM = MN. 

Substituting in the preceding proportions, for P + ^, 
P-QySN^ SM, and SN - SM, their values, we have, 
FiQiB:: SN: SM: MN. (20) 

That is, of any two parallel forces and their resultant, 
each is proportional to the distance between the other two. 

We see, from the preceding proportion, that so long as 
the intensities of F and Q and their points of applica- 
tion remain unchanged, the values of SM and SN also 
remain unchanged, no matter what direction the forces 
may have. Hence, if two parallel forces be turned about 
their points of application, their intensities remaining 
unchanged, their resultant will turn about a fixed point 
and continue parallel to the given forces. This fixed point 
is called the centre of the parallel forces. 

If F and Q be equal and act in opposite directions, R 
will be 0, and S will be at an infinite distance. Two such 
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forces constitute a couple. The tendency of a couple is to 
produce rotation ; the measure of this tendency, called i?ie 
moment of the couple^ is the product of one of the forces, 
by the distance between the two. 

Qeomatrioal Oomposition and Resolution of Parallel Forces. 



the following ge'o- 



^^":^B" 






i 



— IT 



!^ 



Fig. 28. 



38. The preceding principles give 
metrical constructions. 

1. To find the resultant of two 
parallel forces lying in the same direc- 
tion: 

Let P and Q be the forces, M and JV 
their pomts of application. Make 
MQ' = Q, and NP' = P; draw P' §', 
cutting JOT in S; through S draw SB 
parallel to MP, and make it equal to 
P + Q; it will be the resultant. 

For, from the triangles P'SN and 
Q'SM, we have, 

P'N: Q'M: : SN: 8M; or, P:Q:: SN: SM. 

2. To find the resultant of two parallel forces acting in 
opposite directions : 

Let P and Q be the forces, M and ^ 
their points of application. Prolong Q^ 
till ]!fA = P, and make MB = Q; draw 
A By and produce it till it cuts NM pro- 
duced in S; draw SB parallel to MP, and 
equal to BP, it will be the resultant re- 
quired. 

For, from the triangles SNA and SMB, 
we have. 



Br- 



P 

Pig. 88. 



PI 



AN: BM: : SK: 8M; oi,P:Q:: SN: 8M. 
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^ 




/ 



y^ 



3. To resolve a force into two parallel components in 
the same direction, and applied at giyen points : 

Let R be the force, M and N the 
points of application. Through M and 
JV draw lines parallel to R. Make 
MA = Ry and draw AN, cutting R in 
B; make JfP = SB and NQ = BR; 
they will be the components. 

For, from the triangles AMN and 
BSN, 

B8:AM::SN\MN; 



h 



Flg.M. 



or. 



B8: R iiSNiMN. 



But, from proportion (20), we haye, 

P:Ri:SN'^MN; 
.-. B8 = Py and BR = Q. 



4. To find the resultant of any number of parallel 
forces. 

Let P, P\ P'\ P"\ be parallel forces, 
ant of P and Py by the rule already 
given, it will be i?' = P + P'; find 
the resultant of R' and P", it will be 
R*' = P^ P' ^ P"; find the result- 
ant of i?" and P'", it will be J? = P + 
P' + P^' + P"'. If there be a greater 
number of forces, the operation of com- 
position may be continued; the final 
result will be the resultant of the sys- 
tem. If some of the forces act in con- 
trary directions, combine all that act in one direction, as 
just explained, and call their resultant R ; then combine 
all that act in a contrary direction, and call their resultant 



Find the result- 






I' 

B 
Fifir.«. 
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B"; finally, combine R' and B"; their resultant, By will 
be the resultant of the system. 

If the forces P, P\ &c., be turned about their points of 
application, their intensities remaining unchanged, the 
forces B'y B"y By will also turn about fixed points, contin- 
uing parallel to the given forces. The point through which 
B always passes, is called the centre of parallel forces. 

Oo-ordinates of the Centre of Parallel Forces. 

39. Let Py P'y P"y ftc, 1)0 parallel forces, applied at 
points that maintain fixed positions with respect to a sys- 
tem of rectangular axes, and let By equal to 2 (P), be their 
resultant. Denote the co-ordinates of the points of appli- 
cation of the forces by x, y, z; a;', y\ /, Ac; and those of 
Bhjx,yy,yZ,. 

Turn the forces about their points of application, till 

they are parallel to the axis of P", and in that position find 

their moments with respect to the axis of Z. In this 

position the lever arms of the forces are Xy x\ Ac, and the 

lever arm of B \b x,. From the principle of moments, 

(Art. 34), we have 

Bx^:=Pjii-\- P'V +, &c. 
or, 

^' '^{Pj ^^^ 

By making the forces in like manner parallel to the axis 
of Zy and taking their moments with respect to the axis 
of Xy we have, 

^' "" Tjpy ^"^^^ 

And in like manner, we find. 
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From either of the above expressions we infer that the 
lever arm of the resultant of a system of parallel forces 
with respect to any axis perpendicular to the forces, is eqtuzl 
to the algebraic sum of the moments of the forces with re- 
spect to thai axis, divided ly the algebraic sum of the forces. 

Equations 21, 22, and 23, determine the position of the 
centre of parallel of forces, i'- h( /> 

Composition of ForoM in Spaoe, applied at points invariably 
oonneotod. 

40. Let P, P'y P'\ &a, be forces in space, applied at 
points of a solid body. Assume 
a point 0, and through it draw 
three perpendicular axes. De- 
note the angles that P, P', P\ 
&c., make with the axis of X, 
ty a, a', a", &C. ; the angles 
they make with the axis of Y, 
by jS, )3', jS", &C.; the angles 
they make with the axis of Z, 

ty 7> y'y y"> *^> and denote the co-ordinates of their points 
of application by x, y, z; x', y\ /; x'\ y'\ «", &c. 

Let each force be resolved into components parallel to 
the axes. 

We have for the group parallel to the axis of X, 
Pcosa, P'cosa', P"cosa", &c. ; 
for the group parallel to the axis of Y, 

PcoaP, P'cosiS', P"coB^", Ac; 
and, for the group parallel to the axis of Z, 
Pcos/, P'cosy', P"cosy", &c. 

Denoting the resultants of these several groups by X,Yy 
and Zy we have, 
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X= S{Pcom),Y= 2:{Pco8l3), and Z= S{Pcoay). . . . (24) 

If the giyen forces have a single resultant, the forces 
-3l, Yy and Z, will be applied at a point, the co-ordinates of 
which are the same as the lever arms of the forces, each 
taken with respect to the axis whose name comes next in 
order. Denoting these oo-ordinates by Zi, y^ and Zi, we haye, 
as in Art 39, ^ ' d 



X, = 



2{Pcoap x) 
i:{P(x)Bp) 



_ r(Pcosry) 
^' ■" 2:(Pcosy) 

_ 2:(Pcosaig) 



(25) 



> "" ^(Pcosa) 
These determine the point of application of the result- 
ant. Denoting the resultant by B, and the angles it makes 
with the axes by a, J, and c, we have, from preceding prin- 
ciples, 

B = vx' + r* + Z* — (26) 

and 

V" XT ^ 

COS a = -^j cos J = -p, cos c = -^ . . . . (27) 

Hence, the resultant is completely determined. 

If the forces are in a plane, that plane may be taken as 
the plane XT. In this case the formulas for determining 
the point of application of the resultant become, 

X. = w r> ox > aJ^d y, = -^7^5 — 4^; .... (28) 
* i^(Pcos/3) * -^^ 2:(Pcosa) ' ^ ' 

and the formulas for finding the intensity and direction of 

the resultaitt reduce to, 

B = v^XMOr, COS a = J, cos J = -^, (29) 

in which 

X= J (Pcosa) and F= i: (Ptosp) .... 
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Oonditiona of Equilibrium. 

41. A system of forces applied at points of a solid body 
will be in equilibrium when they have no tendency to pro- 
duce motion, either of translation, or of rotation. We 
^have seen that any system of forces can be resolved into 
three groups, parallel to three rectangular axes. The tend- 
ency of each group is to produce motion parallel to the 
corresponding axis, and the tendency of the groups taken 
two and two is to produce rotation about the axis to which 
they are both perpendicular. In order that there may be 
no tendency to either kind of motion, we must have the 
following relations, called conditions of equilibrium : 

Isi The algebraic sum of the components of the forces in 
the direction of any three rectangular axes must be s^arately 
equal to 0. 

2d. The algebraic sum of the moments of the forces, with 
respect to any three rectangular axes, must be separately 
equal to 0. 

If the forces lie in a plane, the conditions of equilibrium 
reduce to these : 

1st. The algebraic sum of the components of tlie forces, in 
the direction of any two rectangular axes, separately equal 
too. 

2d. The algebraic sum of the moments of the forces, with 
respect to any point in the plane, eqv^l to 0. 

If a body is restrained by a fixed axis, as in case of a 
pulley, or wheel and axle, the forces will be in equilibrium 
when the algebraic sum of the moments of the forces vrith 
respect to the axis is equal to 0. 

This case is one frequently met with in discussing 
machines 
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CEKTBB OF GRAVITY AKD STABILnT. 

Weight 
42. The force of gravity acts on all the particles of a 
body, tending to draw them toward the centre of the 
earth. If this force be resisted it produces a pressure 
called weight The weight of a body is the resultant of 
the weights of all its particles. The weights of the parti- 
cles are sensibly directed toward the centre of the earth, 
and if the body be small in comparison with the earth, they 
may be regarded as parallel forces ; hence, the weight of a 
body is parallel to the weights of its particles, and is equal 
to their sum. 

Centre of Qravity. 

4S. The centre of gravity of a body is the point through 
which the direction of its weight always passes. The 
weight being the resultant of parallel forces, the centre of 
gravity is a centre of parallel forces, and so long as the 
relative position of the particles remains unchanged, this 
point retains a fixed position in the body. The position of 
the centre of gravity is entirely independent of the value 
of the intensity of gravity, provided we regard this force as 
constant throughout the body, which we may do in most 
cases. Hence, the centre of gravity is the same for the 
same body, wherever it may be situated. The determina- 
tion of the centre of gravity is, then, reduced to the deter- 
mination of the centre of a system of parallel forces. 
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In what follows, the lines and surfaces treated of, are 
regarded as material, that is, made up of nuUerial points. 
The volumes considered, are supposed to be homogeneous, 
so that the weights of different parts are proportional to 
their volumes. This supposition reduces the operation of 
finding the ceTdre of gravity j to the geometric one of find- 
ing the centre of figure. 

V 

Preliminary PrinciplMi. 

44. Let there be any number of parallel forces applied 
at points of a straight line. If we apply the method of 
finding the point of application of their resultant, as ex- 
plained in Art 39, it will be seen that it lies on the given 
line. Hence, the centre of gravity of a material straight 
line is on that line. 

In like manner it may be shown that tlie centre of gravity 
of a plane curve, or of a plane area, is in that plane* 

Centre of Qravity of a Strai^t Ziliie. 

45. Let Jf and iV^be two material points, y ? ? 
equal in weight, and firmly connected by a 
line MN. The resultant of these weights 
will bisect the line MN in 8 (Art 37) ; 
Aence, S is the centre of gravity of M 
and N. ^^^ „^ 

Let JOT be a material straight line, and 8 its middle 
point We may regard it as composed of material points 
Ay A'; By B'y &C., equal in weight, and 
symmetrically disposed with respect to i/B fl IPC 
8. Prom what precedes, the centre of 
gravity of each pair of equidistant 
points is at 8; consequently the centre i 

of gravity of the whole line is at 8. fi^«. 
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That is, the centre of gravity of a straight line is at its mid- 
dle poi7it. 

Additional Prinoipl«i. 

4C. A line of symmetry of a plane figure is a straight 
line that bisects a system of parallel chords of the figure. 
If the line is perpendicular to the chords it bisects, it is a 
line of right symmetry, otherwise it is a line of oblique syin- 
metry. The axes of an ellipse are lines of right symmetry ; 
other diameters are lines of oblique symmetry. 

K plane of symmetry of a surface, or volume, is a plane 
that bisects a system of parallel chords of the figure. It 
may be a plane of right, or a plane of oblique symmetry. 

The intersection of two planes of symmetry is an axis 
of symmetry. 

Let A QBP be a curve, and AB a line of symmetry, 
bisecting the parallel chords FQ. The centre of gravity 
of each pair of points P, Q, is on AB 
(Art 45), hence, the centre of gravity 
of the entire curve is on AB (Art 44). 
Again, the centre of gravity of each 
chord PQ \&on AB, hence the centre 
of gravity of the entire area is on 
AB. That iBy if a plane curve, or a 
plane area, has a line of symmetry, its centre of gravity is 
on that line. 

In like manner, if a surface or volume has a plane of 
symmetry, its centre of gravity is in that plane. 

Two lines of symmetry, or three planes of symmetry 
intersecting in a point, are sufficient to determine the cen- 
tre of gravity of the corresponding magnitude. Thus, all 
diameters of the circle are lines of sjrmmetry, and because 
they intersect at the centre, it follows that the centre of 
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gravity of both the curcumference and area, is at the centre. 
For a similar reason the centre of gravity of both circum- 
ference and area of an ellipse is at its centre. 

Any plane through the centre of a sphere, or of an 
ellipsoid, is a plane of symmetry; hence the centre of 
gravity of either is at its centre. 

The centre of gravity of any surface or volume of revo- 
lution is on its axis. , , 

•^ / i/ ^'' 

Centre o£ Oravity o£ a Triangle. 

47. Let ABC be a plane triangle. Join the vertex A 
with the middle point i>, of the opposite side BC; then 
will AD bisect all lines drawn in the 

triangle parallel to ^(7, it is therefore 
aline of symmetry: hence, the centre 
of gravity of the triangle is on AD 
(Art 46) ; for a like reason it is on BE^ 
drawn from the vertex B to the middle 
of the side A C; it is, therefore, at ff, 
their point of intersection. 

Draw ED ; then, since ED bisects AC and BG^ it is 
parallel U)AB, and the triangles EGD and A OB are sim- 
ilar. The side ED is one-half its homologous side ABy 
consequently the side GD is one-half its homologous side 
AO; that is, G h one-third of the distance from D 
to A. 

Hence, the centre of gravity of a plane triangle ts on a 
line drawn from the vertex to the middle of the lase^ and at 
one-third the distance from the base to the vertex. 

Centre of Qravity of a Parallelogram. 

48. Let ^ C be a parallelogram. Draw EF bisecting AB 
and CD; it will bisect all lines of the parallelogram 
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parallel to these; hence, the centre of gravity is on it; 
draw also OH bisecting AD and BO; for a similar rea- 
son, the centre of gravity is on it; it is, d e C 
therefore, at 0, their point of intersec- 
tion. 

Hence, the centre of gramty of a parol- ^ j- —^ 

Idogram is at the intersection of two *^- «. 

straight lines joining the middle points of the opposite sides. 

The diagonals of a parallelogram are also lines of sym- 
metry, each bisecting the chords parallel to the other. 
Hence, the centre of gravity is at their intersection. 

Centre of Gravity of a Trapezoid. 

49. Let -4 (7 be a trapezoid. Join the middle points, 
and F, of the parallel sides, by a straight line ; this will 
bisect all lines parallel to DC; hence, 
it must contain the centre of gravity. 
Draw BDy dividing the trapezoid into 
two triangles. Draw also DO and 
BP; take OQ = iOD, and PB = 
iPB; then will Q and R be the cen- 
tres of gravity of these triangles (Art. 47). Join Q and R 
by a straight line ; the centre of gravity of the trapezoid 
must be on this line (Art. 44). Hence, it is at G where 
QR cuts OP. 




Centre of Oravity of a Polygon. 

50. Let ABODE be a polygon, and 
a, 5, c, d, e, the middle points of its 
sides. The weights of the sides are pro- 
portional to their lengths, and may be 
represented by them. 

Let it be required to find the centre 




Fig. 88. 
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of gravity of the perimeter ; join a and }, and find a point 

0, such that 

ao : oh :: BO : BA; 

then will o be the centre of gravity of AB and BC. 
Join and Cy and find a point o\ such that 

oo' I o'ci: CD I AB + BG; 

then will & be the centre of gravity of the three sides, ABy 
BCy and CD. Join o* with rf, and proceed as before, con- 
tinuing the operation till the last point, ©, is found ; this 
will be the centre of gravity of the perimeter. 

To find the centre of gravity of the area, divide it into 
triangles, and find the centre of gravity of each triangle. 
The weights of these triangles are pro- 
portional to their areas, and may be 
represent by them. Let 0, 0\ 0", 
be the centres of gravity of the trian- 
gles into which the polygon is divided. 
Join and 0', and find a point 0'", 
such that ^- •*• 

aO'" : 00'" :: ABC: ACD; 

then will O"' be the centre of gravity of the triangles ABC 
and^(7Z>. 
Join 0" and 0'", and find a point, O, such that 

0"'a : 0"G : : ADE : ABC + ACD; 

4 then will O be the centre of gravity of the polygon. 

To find the centre of gravity of a curvilinear area by 
approximation, we draw a polygon whose perimeter shall 
nearly coincide with that of the given area, and then find 
its centre of gravity. The accuracy of this method will 
depend on the closeness with which the polygon approaches 
the curvilineal area. 
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Centre of Gravity of a Pyramid. 

51. A pyramid may be regarded as made up of infinitely 
thin layers, parallel to either of its faces. If a line be 
drawn from either vertex to the centre of gravity of the 
opposite face, it will pass through the centres of gravity 
of all the layers parallel to that face. We may consider 
the weight of each layer as applied at its centre of gravity, 
that is, at a point of this line ; hence, the centre of gravity 
of the pyramid is on this line, (Art. 44). 

Let ABCD be a triangular pyramid, and K the middle 
point of DC. Draw KB and KA ; lay off KO = ^KB, 
and KO' = ^KA. Then will O be the 
centre of gravity of the face DBC\ and 
0' that of the face CAD. Draw AO 
and BO' intersecting in G. Because 
the centre of gravity of the pyramid is 
on both ^0 and BO', it is at their 
intersection G, Draw 00' ; then KO 
and KO' being third parts of KB and 
KA, 00' is parallel to AB, and the ^^^' ^' 

triangles OGO' and AGB are similar, consequently their 
homologous sides are proportional. But 00' is one-third 
oiAB, OG is therefore one-third of GA, or one-fourth 
of^O. 

Hence, the centre of gravity of a triangular pyramid is 
on a line drawn from its vertex to the centre of gravity of 
its base, and at one-fourth the distance frwn the base to 
the vertex. 

Either face of a triangular pyramid may be taken as the 
base, the opposite vertex being the vertex of the pyramid. 

To find the centre of gravity of a polygonal pyramid 
A'BCDEFy A being the vertex. Conceive it divided into 
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triangular pyramids, having a common 

vertex A, If an auxiliary plane be 

passed parallel to the base, at one-fourth 

of the distance from the base to the 

vertex, it follows, from what has just 

been shown, that the centres of gravity 

of all the partial pyramids will lie in this 

plane; hence, the centre of gravity of 

the entire pyramid must lie in this plane (Ari 44). But 

it has been shown, that the centre of gravity is somewhere 

on the line drawn from the vertex to the centre of gravity 

of the base ; it must, therefore, be where this line pierces 

the auxiliary plane : 
Hence, the centre of gravity of any pyramid is on a line 

drawn from its vertex to the •centre of gravity of its hasCy 

and at ane-fourth the distance from the base to the vertex, 
A cone is a pyramid having an infinite number of faces : 
Hence, the centre of gravity of a cone is on a line drawn 

from the vertex to the centre of gravity of the base, and at 

one-fourth the distance from the base to the vertex. 

Centre of Gravity of a Pzism. 

52. A prism is made up of layers parallel to the bases, 
and if a straight line be drawn between the centres of 
gravity of the bases it will pass through the centres of 
gravity of all the layers; the centre of gravity of the 
prism is, therefore, on this line, which we may call the 
axis of the prism. The prism is also made up of filaments, 
parallel to the lateral edges, and if a plane be passed paral- 
lel to the bases of the prism and midway between them, it 
will contain the centres of gravity of all the filaments ; 
the centre of gravity of the prism is therefore in this 
plane. It must then be where this piano cuts the axis : 
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Hence, the centre of gravity of a prism is ai the middle 
of its axis. 

A cylinder y is a prism whose bases have an infinite num- 
ber of sides : 

Hence, the centre of gravity of a cylinder whose bases are 
parallel is at the middle of its axis. 

0«ntre of Gkmvity o£ a Polyl&edroii. 

5S. If a point within a polyhedron be joined with each 
vertex of the polyhedron, we shall form as many pyramids 
as the solid has faces : the centre of gravity of each pyra- 
mid may be found by the rule. If the centres of gravity 
of the first and second pyramid be joined by a straight 
line, the common centre of gravity of the two may be 
found by a process similar to that used in finding the cen- 
tre of gravity of a polygon, observing that the weights of 
the pyramids are proportional to their volumes, and may 
be represented by them. Having compounded the weights 
of the first and second, and found its point of applica- 
tion, we may, in like manner, compound the weight of 
these two with that of the third, and so on ; the last point 
of application will be the centre of gravity of the poly- 
hedron. 

The centre of gravity of a body bounded by a curved 
surface may be found by approximation, as follows : Con- 
struct a polyhedron whose faces are nearly coincident with 
the surface of the given body and find its centre of gravity 
by the method just explained; this will be the point 
sought. 

The accuracy of the method will depend upon the close- 
ness between the given figure and the polyhedron. 

The methods of finding the centre of gravity, already 
given, are sufficient for most purposes. The most general 
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method, however, depends on the Differential and Integral 
Calculus. ' j/( /, J? 

ZSzperimental determination of the Centre of Gravity. 

54. The weight of a body always passes through its 
centre of gravity, no matter what may be the position of 
the body. If we attach a flexible cord to a body at any 
point and suspend it freely, it must ultimately come to a 
state of rest. In this position, the body is acted upon by 
two forces : its weight, tending to draw it toward the cen- 
tre of the earth, and the tension of the cord, that resists 
this force. In order that the body may be in equilibrium, 
these forces must be equal and directly opposed. But the 
direction of the weight passes through the centre of gravity 
of the body ; hence, the tension of the string, which acts 
in the direction of the string, must also pass through the 
same point This principle gives rise to the following 
method of finding the centre of gravity : 

Let ABC be a body of any form whatever. Attach a 
string to any point, (7, and suspend it freely; when the 
body comes to rest, mark the direction 
of the string ; then suspend the body by 
a second point. By and when it comes 
to rest, mark the direction of the 
string; the point of intersection, ff, 
will be the centre of gravity of the 
body. Fig. 87. 

Instead of suspending the body by a string, it may be 
balanced on a point In this case, the weight acts verti- 
cally downward, and is resisted by the reaction of the 
point ; hence, the centre of gravity lies vertically over the 
point. 

If, therefore, a body be balanced at any two points of its 
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surface, and verticals be drawn through the points, in these 
positions, their intersection will be the centre of gravity of 
the body. 

If a body be suspended by an axis, it can only be at rest 
when the centre of gravity is in a vertical plane through 
the axis. 

The centre of gravity may be above, below, or on the 
axis. 

In the first case, if the body be slightly deranged, it will 
continue to revolve till the centre of gravity falls below the 
axis ; in the second case, it will return to its primitive posi- 
tion ; in the third case, it will remain in the position in 
which it is placed. 

Centre of Qravity of a System of Bodies. 

55. When we have several bodies, and it is required to 
find their common centre of gravity, it will often be found 
convenient to employ the principle of moments. To do this, 
we first find the centre of gravity of each body separately, 
by rules already given. The weight of each body is then 
regarded as a force, applied at the centre of gravity of the 
body. The weights being parallel, we have a system of 
parallel forces, whose points of application are known. If 
these points are all in the same plane, we find the lever 
arms of the resultant of all the weights, with respect to 
two lines, at right angles to each other in that plane ; and 
these will make known the point of application of the re-' 
sultant, or, what is the same thing, the centre of gravity of 
the system. If the points are not in the same plane, the 
lever arms of the resultant are found, with respect to three 
axes, at right angles to each other ; these make known the 
point of application of the resultant weight, or the position 
of the centre of gravity. 
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Examples. 

1. Required the point of application of the resultant of three equal 
weights, applied at the vertices of a plane triangle. 

SOLUTION. 

Let ABC (Fig. 30) represent the triangle. The resultant of the 
•weights at B and C will be applied at i>, the middle of BC. The 
weight acting at D being double that at A, the total resultant will be 
applied at G^ making GA = 2 GD ; hence, the required point is the 
centre of gravity of the triangle. 

2. Required the point of application of the resultant of a system of 
equal parallel forces, applied at the vertices of a regular polygon? 

Ans. At the centre of the polygon. 

3. Parallel forces of 3, 4, 5, and 6 lbs., are applied at the successive 
vertices of a square, whose side is 12 inches. At what distance from 
the first vertex is the point of application of their resultant? 

SOLUTION. 

Take the sides of the square through the first vertex as axes ; call 
the side through the first and second vertex, the axis of X, and that 
through the first and fourth, the axis of F. We shall have, from 
Formulas (21, 22), 

4X12 + 5X12 ^ 
tr.= jg =6; 

6 X 12 + 5 X 12 22 
and y. = iQ =^. 

Denoting the required distance by rf, we have. 



d = Vx^' + y," = 9.475 in. Ans. 

4. Seven equal forces are applied at seven of the vertices of a cube. 
What is the distance of the point of application of theu* resultant 
from the eighth vertex ? 

SOLUTION. 

Take the eighth vertex as the orgin of co-ordinates, and the three 
edges passing through it as axes. We shall have, from Equations 
(21, 22, 23), denoting one edge of the cube by a, 

jc, = |a, y^ = ^a, and g, = ^a. 
Denoting the required distance by ef, we have, 

d = y/x^' + y," + z," = ^a y/W. Ans, 

5. Two isosceles triangles are constructed on opposite sides of the 
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base by having altitudes equal to h and Ji', h being greater than h'. 
Where is the centre of gravity of the space within the two triangles? 

SOLUTION. 

It must lie on the altitude of the greater trian^e. Take the com- 
mon base as an axis of moments ; then will the moments of the tri- 
angles be 1^ X 4A, and ibh' X ih' ; and ftom Formula (21), we have, 






That is, the centre of gravity is on the altitude of the greater tri- 
angle, at a distance fix)m the base equal to one-third of the difference 
of the two altitudes. 

6. Where is the centre of gravity of the space between two circles 
tangent to each other internally ? 

SOLUTION. 

Take their common tangent as an axis of moments. The centre 
of gravity will lie on the common normal, and its distance from the 
point of contact is given by the equation, 

|, P ^ 7C7* — Tcr'* __ r* -i- tV -i- /* 

7. Let there be a square, divided by its diagonals into four equal 
parts, one of which is removed. Required the distance of the centre 
of gravity of the remaining figure from the opposite side of the 
square. Ans. ft of the side of the square. 

8. To construct a triangle, having given its base and centre of 
gravity. 

SOLUTION. 

Draw through the middle of the base, and the centre of gravity, a 
sti-aight line ; lay off beyond the centre of gravity a distance equal to 
. twice the distance from the middle of the base to the centre of grav- 
ity. The point thus found is the vertex. 

9. Three men carry a cylindrical bar, one taking hold of one end, 
and the others at a conmion point Requured the position of this 
point, in order that the three may sustain equal portions of the 
weight 

Am. At three-fourths the length of the cylinder fix)m the first 
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STABILITY AND EQUILIBRIUM. 
Stable, Unstable, and Indifferent Equilibrium. 

56. A body is in stable equilibrium when, on being 
slightly disturbed from a state of rest, it has a tendency to 

return to that state. This will be the case when Oy 9 

the centre of gravity of the body is at its lowest 

point. Let ^ be a body suspended from an 

axis 0, about which it is free to turn. When 

the centre of gravity of A lies vertically below 

the axis, it is in equilibrium, for the weight of "^ig. 88. 

the body is exactly counterbalanced by the resistance of 

the axis. Moreover, the equilibrium is stable; for if the 

body be deflected to A\ its weight acts with the lever arm 

OP to restore it to its position of rest. A, 

A body is in unstable equilibrium when on being slightly 
disturbed from its state of rest, it tends to depart still 
farther from it. This will be the case when the centre of 
gravity of the body occupies its highest position. 

Let -4 be a sphere, connected by an inflexible rod with 
the axis 0. When the centre of gravity of A is vertically 
above 0, it is in unstable equilibrium ; for, if 
the sphere be deflected to the position A\ its 
weight will act with the lever arm OP to 
increase the deflection. The motion continues 
till, after a few vibrations, it comes to rest A/ L 
below the axis. In this last position, it is in pjg. $9. 
stable equilibrium. 

^A body is in indifferent, or neutral, equilibrium when it 
remains at rest, wherever it may be placed. This is the 
case when the centre of gravity continues in the same hori- 
zontal plane on being slightly disturbed. 

Let ^ be a sphere, supported by a horizontal axis OP 
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through its centre of gravity. Then, in whatever position 
it may be placed, it will have no tendency 
to change this position ; it is, therefore, o / ~ \ p 
in indifferent^ or neutral equilibrium. 

In the figure, Ay By and G, represent a 
cone in positions of staiUy unstabUy and ^- **• 

indifferent equilibrium. 





Fig. 41. 

If a wheel be mounted on a horizontal axis, about which 
it is free to turn, the centre of gravity not lying on the 
axis, it will be in stable equilibrium, when the centre of 
gravity is directly below the axis ; and in unstable equi- 
librium when it is directly above the axis. When the axis 
passes through the centre of gravity, it will, in every i)08i- 
tion, be in neutral equilibrium. 

We infer, from the preceding discussion, that when a 
body at rest is so situated that it cannot be disturbed from 
its position without raising its centre of gravity, it is in a 
state of stable equilibrium; when a slight disturbance 
depresses the centre of gravity, it is in a state of unstable 
equilibrium; when the centre of gravity remains con- 
stantly in the same horizontal plane, it is in a state of 
neutral equilibrium. 

This principle holds true in the combinations of wheels 
and other pieces used in machinery, and indicates the im- 
portance of balancing these elements, so that their centres 
of gravity may remain in the same horizontal planes. 
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Stability of Bodies on a Horizontal Plane. 

57. A body resting on a horizontal plane may touch it in 
one, or in more than one point. In the latter case, the 
salient polygon, formed by joining 
the extreme points of contact, as 
abed, is called t\ie poly gon of support 

When the direction of the weight 
of the body, that is, the vertical 
through its centre of gravity, pierces Fig. 42. 

the piano Trithin the polygon of support, the body is stable^ 
and will remain in equilibrium, unless acted upon by some 
other force than the weight of the body. In this case, the 
body will be most easily overturned about that side of the 
polygon of support which is nearest to the line of direction 
of the weight The moment of the weight, with respect to 
this side, is called the moment of staMlity. Denoting the 
weight of the body by W, the distance from its line of direc- 
tion to the nearest side of the polygon of support by r, 
and the moment of stability by Sy we have, 

8=^ Wr, 

The moment of stability is the moment of the least 
extraneous force that is capable of overturning the body. 
The weight of a body remaining the same, its stability 
increases with r. If the polygon of support is a regular 
polygon, the stability will be greatest, other things being 
equal, when the direction of the weight passes through its 
centre. The area of the polygon of support remaining 
constant, the stability will be greater as the polygon 
approaches a circle. The polygon of support being regu- 
lar, but variable in area, the stability will increase as the 
area increases : low bodies with extended bases, are more 
stable than high bodies with narrow bases. 
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When the direction of the weight passes without the 
polygon of support, the body is unstahUy and unless sup- 
ported by some other force than the weight, it will turn 
about the side nearest the direction of the weight. In this 
case, the product of the weight into the distance from its 
direction to the nearest side of the polygon, is called the 
moment of instability. Denoting this moment by /, we 

have, as before, 

/= Wr. 

The moment of instability is equal to the least moment 
of a force that can prevent the body from overturning. 

If the direction of the weight intersect any side of the 
polygon of support, the body will be in a state of equiliJh- 
rium bordering on rotation about that side. 

If the resultant of all the forces acting on a body, 
including its weight, be oblique to the supporting plane, it 
may be resolved into two components, one perpendicular 
to the plane and the other parallel to it. The former is 
counteracted by the reaction of the plane ; the latter tends 
to make the body to slide along the plane. Hence the im- 
portance of making the resultant as nearly normal to the 
supporting plane as possible. 

These principles find application in the arts, more espe- 
cially in Engineering and Architecture. In structures 
intended to be stable, the foundation should be as broad as 
is consistent with the general design of the work, that the 
polygon of support may be as large as possible. The 
pieces for transmitting pressures should be so combined 
that the pressures may be as nearly normal to the bearing 
surfaces as possible, and their lines of direction should 
pass as near the centres of the polygons of support as may 
be. Hence, joints should be made as nearly normal to the 
pressures as possible. 
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In the construction of machinery the centres of gravity 
of rotating pieces should be in their axes, otherwise there 
will result an irregularity of motion, which, besides making 
the machine work imperfectly, will ultimately destroy the 
machine itself. 

In loading cars, wagons, &c., we should throw the centre 
of gravity of the load as near the track as possible. This 
is partially effected by placing the heavier articles at the 
bottom of the load. 

Pressure ot one body on another. 

58. Let -4 be a movable body pressed against a fixed 
body By and touching it at a single point. In order that 
A may be in equilibrium, the result- 
ant of all the forces acting on it, in- 
cluding its weight, must pass through 
the point of contact, P' ; otherwise 
there would be a tendency to rotation 
about P\ which would be measured 
by the moment of the resultant with 
respect to this point Furthermore, Pig.48. 

the direction of the resultant must be normal to the sur- 
face of B at the point P'y else the body A would have a 
tendency to slide along the body By which tendency would 
be measured by the tangential component. The pressure 
on B develops a force of reaction, which is equal and 
directly opposed to it. The resultant of all the forces in- 
cluding the reaction must be equal to zero (Art. 41). That 
is, when a lodyy resting on another and acted upon by any 
number of forces, is in equilibriuniy the resultant of all the 
forces called into play is equal to 0. 

If all the forces called into play are taken into account. 
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the algebraic sums of their moments with respect to any 
three rectangular axes mil he separately equal to 0. 

If the bodies A and B touch in more than one point, 
the polygonal figure formed by uniting the extreme points 
of contact may be called the polygon of contact. In this 
case, the resultant of all the forces must pass within the 
polygon of contact. 

Practical Pboblems. 
1. A horizontal beam ABy which sustains a load, is supported on 
a pivot at -4, and by a cord DEy the point E being vertically over A. 
Required the tension oiDE^ and the ver- 
tical pressure on A, 

SOLUTION. 

Denote the weight of the beam and 
load by TT, and suppose its point of ap- 
plication to be (7. Denote CA by p, the 
perpendicular distance, AF, from A to 
DEy by p\ and the tension of the cord 
by t If we take J. as a centre of mo- 
ments, we have, in case of equilibrium, 

p 

Or, denotmg the angle EDA by a, and the distance AD by 6, we 
have, 

y = ft sin a ; .-. < = Wj- 




hsma 

To find the vertical pressure on J., resolve t into components, 
parallel and perpendicular to AB. We have for the latter compo- 
nent, denoted by /', 

^ = <sina=Tr^. 
o 

The vertical pressure on A, plus the weight TT, must be equal to t. 

Denoting the vertical pressure by P, we have, 

P+ Tr= f|; or,P=Tr(|-l)=ir(^*); 
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When DO=0; or, when D and C comcide, the vertical pressure 
isO. 

2. A rope, AD, supports a pole, DO^ one end 
of which rests on a horizontal phme, and from 
the other is suspended a weight W. Required 
the tension of the rope, and the thrust, or pres- 
sure, on the pole, its weight being neglected. 

SOLUTION. 

Denote the tension of the rope by <, the pressure on the pole by p, 
the angle ADO by a, and the angle ODW hy fi. 

There are three forces acting at i>, which hold each other in equi- 
librium ; the weight TT, acting downward, the tension of the rope, 
acting from i>, toward A, and the reaction of the pole, acting from 
toward D, Lay off Dd, to represent the weight, and complete 
the parallelogram dooD; then will Da represent the tension of the 
rope, and Do the thrust on the pole. 

From Art 33, we have, 

t:W::B\ii/3:Bina; ,\ t=W^^, 

We have, also, from the same principle, 
1) : TT: : sin (a -f /^ : sin a ; 



sma 



^ ^ ^ sin.(a + /?) 



If the rope is horizontal, we have « = 90** — /5, which gives, 

3. A beam FB, is suspended by ropes attached at its extremities, 
and fiEistened to pins A and J7. Required the tensions of the ropes. 

SOLUTION. 

Denote the weight of the beam and its load by TT, and let c be 
its point of application. Denote the tension of the rope BS^ by /, 
andthatof jF'ulby*'. The forces m equilib^ 
rium, are TT, t, and /'. The plane of these 
forces must be vertical, and further, the 
directions of the forces must intersect in a 
point Produce AF, and Bff, till they mter- 
sect in Ky and draw Kc; take Kc, to repre- 
sent the weight of the beam and its load, 
and complete the parallelogram KbQf; then 




Fig. 46. 
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will Kb represent t^ and JQTwill represent t. Denote the angle eKB 
by a, and eKFhy fi. We shall have, as in the last problem, 

sin P 



W:t:'. sin(a + /?) : sin /?; .\ t=z W 



And, 



sin(a-{-y^* 



Wit' '.: 8in(a-f /J) : sin a; .-. ^ = TT- 



sin(a + /?)* 

4. A gate JLH*, is supported at on a pivot, and at J. by a hinge, 
attached to a post AB, Required the pressure on thje pivot, and the 
tension of the hinge. 

SOLUTION. 

Denote the weight of the gate and its load, by IT, and let (7 be its 
point of application. Produce the vertical Uirough (7, till it intersects 
the horizontal through J. in 2>, and draw DO, 
Then will AD and DO be the directions of the re- 
quired components of W, Lay off Dc, to represent 
TF, and complete the parallelogram, Dcoa; then 
will Do represent the pressure on 0, and aD the 
tension on the hinge, A. Denoting the angle oDe 
by a, the pressure on the pivot by p, and on the 
hinge by p\ we have, 

W 

p = , and o' = « sin a, 

^ cosa' ^ ^ 

If we denote OE by &, and DE by A, we shall have, 

h , . h 



AT 


a 1 

/ 


1 




/ 

I 


^ 


1- 





Pig. 47. 



Hence, 






. and sin a : 



, and ^' = 






y/h* + A« • 



5. Having two rafters, AO and 
BC^ abutting in notches of a tie- 
beam AB, it is required \p find the 
pressure, or thrust, on the rafters, 
and the direction and intensity of 
the pressure on the joints at the 
tie-beam. 




F%.48. 



SOLUTION. 

Denote the weight of the rafters and their load by 2w ; we may 
regard this weight as made up of three parts — a weight «>, applied at 
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(7, and two equal weights }«?, applied at A and B respectively. De- 
note the half span AL by «, the rise GL by A, and the length of the 
rafter AG or GB by I. Denote, also, the angle GBL by a, the thrust 
on each i-after by i^ and the resultant pressure at each of the Joints 
A and B by p. 

Lay off Co to represent the weight tr, and complete the parallelo- 
gram Gboa; then will Ga and Gh represent the thrust on the rafters; 
and, since Ghoa is a rhombus, we have, 

1 . V) wl 

2 sma 2A 

Conceive ^ to be applied at -4, and there resolve it mto components 
parallel to GL and LA ; we have, for these components, 

< sin a = itc, and t cos cc = ^. 

The latter component gives the sti*ain on the tie-beam, AB. 
To find the pressure on the joint, we have, acting downward, 
the forces \w and ito, or the single force tr, and, acting from L 

toward A^ the force ^\ hence, 



i?= yu 



+ 4A^ = 2A>^4^' + ^ 



If we denote the angle DAE by /?, we have fh)m the right-angled 
triangle DAZS; 

^^ = AE=¥h^'' = W ■ 
The joint should be perpendicular to the force p, that is, it should 
make with the horizon an angle whose tangent is ^. 

6. In the last problem suppose the rafters to abut against the wall. 
Required the least thickness that must be given to it to prevent it 
from being overturned. 

SOLUTION. 

Denote the weight thrown on the wall by «j, the length of wall 
that sustains the pressure p by l\ its height by A', its thickness by x, 
and the weight of each cubic foot of the wall by ijcf; then will the 
weight of this part be vfh'Tx, 

The force ^rr acts with an arm of lever h' to overturn the wall 

about its lower and outer edge ; this force is resisted by the weight 
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w + Wk'Vx^ acting throng the centre of gravis of the wmll with a 
leTcr arm equal to (z. If there be an eqnilibrram, the momentB of 
these two forces are equal, that is, 

^ X A' = ( w -h ^'h'fx) - , or -^ = icx + u/OTa*. 
Reducing, we have, «« + _^ar = ^; 






air'AT "^ V «'Ar ^ 4^'^AT ' 
7. A sustaining wall has a cross section in the Uxm ct a trapezmd, 
the fiux on whkh the pressure is thrown being vertical, and the 
of^xMite fiux having a slope of «» perpendi- ^ ^ 

cular to one horizontal Required the least 
thickneas that must be given to the wall at 
top, that it may not be overturned by a hot" 
izontal pressure, whose point of application 
is at a dbtance from the bottcnn of the wall 
equal to one-third its height 

SOLmQN. 

Pass a plane through the edge A parallel to BC^ and consider a 
portion of the wall whose length is one foot Denote the pressure 
on this by P, the height of the wall by 6A, its thiidmess at top by «, 
and the weight of a cuIhc foot by w. Let fiUl from the centres of 
gravity O and (y of the two portions, perpendiculars OO and C^B^ 
and take the edge D as an axis of moments. The weight of the por- 
tion ABCF is equal to 6trAx, and its lever arm, J)Oy is equal to 
A + i^ The weight of the portion ADFis dw^, and its lever arm« 
DE, is {A. In case of equilibrium, the sum of the moments of their 
weights must be equal to the moment of P, whose lever arm is 2K 
Hence, 

6«Aa(A + iit) + 3«A' X |A= Px 2A; 

or, &whx + 3tw» + 2tt?A« =2P. 
Whence, *' + 2Ax = ^^j '; 



.-. *=-*--tv^^-^-'+*'. 



3ao 

a Required the conditicms of stability of a square pillar acted <m 
by a force oblique to the axis, and applied at the centre of gravity 
of the upper base. 
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SOLUTION. 

Denote the intensity of the force by P, its inclination to the verti- 
cal by a, the breadth of the pillar by 2a, its height by x, and its 
weight by W. Through the centre of gravity of 
the pillar draw a vertical AC, and lay off AC equal 
f to W; prolong PA and lay oflf AB equal to P; 
complete the parallelogram ABDCj and prolong 
the diagonal till it intersects HG &t F, K^ is be- 
tween ff and G, the pillar will be stable ; if at ^, 
it will be indiflferent; if without -H", it will be un- 
stable. To find an expression for FG, draw DB 
perpendicular to AG. From the similar triangles 
ADE and AFG, we have, pjg ^ 

AUiAGiiDB: FG; .-. FG^^^^~^. 

But AG^x, 2>i?=:i^ma, and AE=W+ Pto&a, hence, we 
have, 

rY7__ Pgsinflf 

F-f-Pbosa' 
And, since HG equals a, we have the following conditions for sta- 
bility, indifference, and instability, respectively r 

Pvsina 
^^ F + i\50sa' 

Jtesinac * 

"""TT+Pcosa' 

^ Pcsina 
a < 



W-\-PCo»a 

4 
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CHAPTER IV. 

ELEMENTARY MACHINES. 

DefiniUons and Oeneral Principles. 

59. A MACHINE is a contrivance by means of which a 
force applied at one point is made to produce an effect at 
some other point. 

The applied force is called the power, and the force to be 
overcome the resistance; the source of the power is called 
the motor. 

Some of the more common motors are muscular effort, 
as exhibited by man and beast in various kinds of work ; 
the weight and living force of water, as shown in the 
various kinds of water-mills; the expansive force of vapors 
and gases, as displayed in steam and caloric engines ; the 
force of air in motibn, as exhibited in the windmill, and 
in the propulsion of sailing vessels; the force of magnetic 
attraction and repulsion, as shown in the magnetic tele- 
graph and various magnetic machines; the elastic force of 
springs, as shown* in watches and various other machines. 
Of these the most important are steam and water power. 

Work. 

60. Work is the effect produced by a force in overcoming 
a resistance ; it implies the simultaneous existence of both 
pressure and motion. 

The measure of the work done by a force, is the product 
of the effective pressure, by the distance through which it 
is exerted. 
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Machines simply transmit and modify the action of 
forces. They add nothing to the work of the motor ; on 
the contrary, they absorb and render inefficient much of 
that which is impressed on them. For example, in a 
Water-mill, only a portion of the work expended by the 
motor is transmitted to the m^,chine, on account of the 
imperfect manner of applying it, and of this portion a 
large part is absorbed and rendered practically useless by 
resistances, so that only a small portion of the work ex- 
pended by the motor becomes effective. 

Of the applied work, a part is expended in overcoming 
friction, stiffness of cords, lands, or chains, resistance of 
the air, adhesion of the parts, &c. This goes to toear out 
the machine. A second portion is expended in overcoming 
shocks, arising from the nature of the work to be accom- 
plished, as well as from imperfect connection of the parts, 
and from want of hardness and elasticity in the connecting 
pieces. This also goes to strain and wear out the machine, 
and to increase the waste already mentioned. There is 
often a waste of work arising from a greater supply of mo- 
tive power than is required to attain the desired result. 
Thus, in the movement of a train of cars, the excess of 
work of the steam, above what is necessary to bring the 
train to the station, is wasted, being consumed by the 
application of brakes, an operation that not only wears out 
the brakes, but also, by creating shocks, ultimately de- 
stroys the cars themselves. 

Such are some of the sources of loss of work. A part 
of these may, by judicious combinations, be greatly dimin- 
ished ; but, under the most favorable circumstances, there 
is a continued loss of work, which requires a continued 
supply of power. 

In a machine, the quotient obtained by dividing the 

Digitized by VjOOQ IC 



76 MECHAKICS. 

quantity of useful^ or effective work, by the quantity of 
applied work, is called the modulus of the machine. As 
the resistances are diminished, the modulus increases, and 
the machine becomes more perfect. Could the modulus 
become equal to 1, the machine would h^ perfect. Once 
set in motion, it would continue to move forever, realizing 
the idea of perpetual viotion. It is needless to say that, 
until the laws of nature are changed, no such realization 
can be looked for. 

3**^''^'/ * TraiM of MechaniMn. 

61. A machine usually consists of an assemblage of 
moving pieces called elements, kept in position by a con- 
nected system called 2i,frams, Of the moving pieces, that 
which receives the power is called the recipient, that which 
performs the work, is called the operator or tool, and the 
connecting pieces constitute what is called a trai7i of me- 
chanism. Of two consecutive elements, that which imparts 
motion is called a driver, and that which receives motion 
is called a follower. Each piece, except the extremes, is a 
follower, with respect to that which precedes, and a driver, 
with respect to that which follows. 

In studying a train of mechanism we find the relation 
between the power and resistance for each element neglect- 
ing hurtful resistances. We then modify these results so 
as to take account of all these resistances, such as friction, 
adhesion, stiflfhess of cords, &c. Having found the relation 
between the power and resistance for each piece, we begin at 
one extreme and combine them, recollecting, that the resist- 
ance for each driver is equal to the power for its follower. 

We might also find the modulus of each element, and 
take the product of these partial moduli as the modulus 
of the machine. 
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We shall first show the relations between the power and 
resistance in the different elements on the supposition that 
there are no hurtful resistances. 

The Mechanical Powers. 

62. The elements to which all machines can be reduced, 
are sometimes called mecMnical powers. They are seven in 
number — viz., the cordy the lever, the inclined plane, the 
pullet/, the wheel arid axle, the screw, and the wedge. The 
first three are simple elements ; the pulley, and the wheel 
and axle are combinations of the cord and lever; the 
screw is a combination of two inclined planes twisted round 
an axle ; and the wedge is a simple combination of two 
inclined planes. 

The Oord. 

63. Let AB be a cord solicited by two forces, F and JR, 
applied at its extremities, A and B, In order that the cord 
may be in equilibrium, it is evi- 

dent, in the first place, that the -^ ® 

forces must act in the direction ^* ^^' 

of the cord, and in such manner as to stretch it, otherwise 
the cord would bend; and in the second place, the forces 
must be equal, otherwise the greater would prevail, and 
motion would ensue. Hence, if two forces applied at the 
extremities of a cord are in equilibrium, the forces are equal 
and directly opposed. 

The tension of a cord is the force by which any two of its 
adjacent particles are urged to separate. If a cord be so- 
licited in opposite directions by equal forces, its tension is 
measured by either force. If the forces are unequal, the 
tension is measured by the less. 

Let AB be a cord solicited by groups of forces applied 
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at its extremities. In order that these forces may be in 
equilibrium, the resultants of the groups 
at A and B must be eqical and directly 
opposed. Hence, if we suppose the 
forces at each point resolved into com- ^- ^• 

ponents coinciding with, and at right angles to, AB, the 
normal components at each point must he in equilibriumy 
and the resultants of the remaining cornponents at A and B 
must be equal and directly opposed. 

Let ABGD be a cord, at the points Ay By C, />, of which 
groups of forces are applied. If these forces are in equi- 
librium through the inter- 
vention of the cord, there 
must necessarily be an equi- 
librium at each point, and 
this whatever may be the 
lengths of ABy BO, and CD. ^' ^* 

If we make these infinitely small, the equilibrium will still 
subsist. But in that case the points Ay By C> and /), will 
coincide, and all the forces will be applied at a single point. 
Hence, we conclude, that a system of forces applied in 
any manner at points of a cord will he in equilibriumy 
wheny if applied at a single point without change of in- 
tensity or directiony they will maintain ea^h other in equi- 
librium. 

Hence, cords in machinery simply transmit the action 
of forces, without modifying their effects in any other 
manner. 

The Lever. 

61. A lever is an inflexible bar, free to turn about an 
axis, called the fulcrum. 

Levers are divided into three classes, according to the 
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relative positions of the points of application of the power 
and resistance. 

In the first class, the fulcrum is between the power 
and resistance. The ordinary balance ist class. 

is an example of this class of levers. T 

The substance to be weighed is the re- I 
sistance; the counterpoising weight is ^ 
the power, and the axis of suspension is 
the fulcrum. Fig. 64. 

In the second class, the resistance is 
between the power and the fulcrum. 
The ordinary nut-cracker is an example 
of this class. The nut is the resistance ; 
the power is applied at the ends of the 
blades, and the fulcrum is at the hinge. 

In the third class, the power is be- 
tween the fulcrum and the resistance. Pig.68. 
A pair of tongs famishes an example 
of this class. The resistance is the sd class. 
substance seized between the blades; ^ 
the power is applied at the middle of 
the blades; and the fulcrum is at the 
hinge, T 

Levers may be curvedy or straight; Jj 
and the power and resistance may be ri«- m- 

either parallel or oblique to each other. We shall suppose 
the power and resistance to be perpendicular to the ful- 
crum ; for, if not so situated, we might conceive each to be 
resolved into two components — one perpendicular, and 
the other parallel, to the axis. The latter would bend the 
lever laterally, or make it slide along the axis, developing 
hurtful resistance, while the former alone would tend to 
turn the lever about the fulcrum. 
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The perpendicalar distances from the ftilcrum to the 
lines of direction of the power and resistance, are called 
lever arms of these forces. In the bent lever MF^Ny the 
perpendicular distances FAy and FBy are the lever arms 
ofPand^. 

To determine the conditions of 3 

equilibriam of the lever, let us ^^i^^ ^^^^^^^^, 
denote the power by P, the resist- ^^ ^*^ ^ 
ance by R, and their lever arms 
by^ and r. We have the case of a 
body restrained by an axis, and if ^^g. w. 

we take this as the axis of mo- 
ments, we shall have for the condition of equilibrium 
(Art 41), 

Pp = Br; oTyP : JR :: r : p (30) 

That is, the power is to the resistancey as the lever arm of 
the resistancey to the lever arm of the power. 

This relation holds good for every kind of lever. 

The ratio of the power to the resistance when in equi- 
librium, either statical or dynamical, is called the leveragey 
or mechunical advantage. 

When the power is less than the resistance, there is said 
to be a gain of power y hut a loss of velocity ; the space 
passed over by the power, in perjforming any work, is as 
many times greater than that passed over by the resistance, 
as the resistance is greater than the power. When the 
power is greater than the resistance, there is said to be a 
loss of power y hut a gain of velocity. When the power and 
resistance are equal, there is neither gain nor loss of power, 
But simply a change of direction. 

In levers of the first class, there may be either gain or 
loss of power; in those of the second class, there is always 
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gain of power; in those of the third class, there is always 
loss of power. A gain of power is always attended with a 
corresponding loss of velocity, and the reverse. 

If several forces act on a lever at different points, all 
being perpendicular to the direction of the fulcrum, they 
will be in equilibrium, when the algehraic sum of their 
momentsy with respect to theftilcruniy is equal to 0. 

Among the forces must be included the weight of the 
lever, which is to be regarded as vertical force, applied at 
the centre of gravity. 

The pressure on the fulcrum is the resultant of all the 
forces, including the weight of the lever. 

The Oomponnd Xierer. 

fi5. A compound lever is a combination of simple levers 
ABy BCy CDy SO aH^uged that the resistance in one acts 
as a power in the next, w -om 

throughout the combina- j -p | 

tion. Thus, a power P pro- ^ "''* 



fTn^' '•'ip" i-' 



i i' 



duces at ^ a resistance H'y 

which, in turn, produces at 

C a resistance ^", and so on. "^ Pig. 68. 

Let us assume the notation 

of the figure. From the principle of the simple lever, we 

have the relations, - 

Pp = R'r"y R'p' = R'r'y R'Y = Br. 

Multiplying these equations, member by member, and 
striking out common factors, we have, ^ 

Ppp'p" = Rrr'r"; or, P : i2 : : rr^r" : pp'p" (31) 

And similarly for any number of levers. 

Hence, in the compound lever, the power is to the resist- 

4* 
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ance as the continued product of the alternate arms of lever, 
cofntnendng at the resistance, is to the continued product of 
the alternate arms of lever, commencing at the power. 

By suitably adjusting the simple levers, any amount of 
mechanical advantage may be obtained. 

The BIbow-Joint Press. 

66. Let CAy JBD, and DB represent bars, with hinge- 
joints at B and D. The bar OA has its fulcrum at Cy and 
the bar DJS works through a ^ 
guide between D and E. When 7^^^:::::^^^ ,?^ 

A is depressed, DB is forced 7 ^^^^^^i^ \ 
against the upright i^ so as to IfV^T^:^^^— -i>^^^^0 

compress a body placed between J 

B and F. This machine is «?:.». 

called the elbow-joint press, and is used in printing, in 
moulding bullets, in striking coins and medals, in punch- 
ing holes, &c. 

Let P denote the power applied at A, perpendicular to 
AC, Q the resistance in the direction DB, and E the com- 
ponent of Q, in the direction BD. Let be taken as an 
axis of moments, and then, because P and Q are in equi- 
librium, we have. 

An 
P X AC= Q XF'C, 0T,Q = PX^ 

Bot, we have, , 

R=QcoBBDff. 

Substituting and reducing, we haye, 

R AC COB BDH 



P~ F'G 



(32) 



When B is depressed, cos BDH approaches 1, and FV 
continually diminishes, that is, the mechanical advant^e 
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increases; and finally, when B reaches jF^, it becomes infi- 
nite. There is no limit to the amount of compression that 
can be obtained, except that fixed by the strength of the 
material. It is to be observed that the space through 
which the pressure is exerted varies inversely as the me- 
chanical advantage. j 
Weighing Machinei. " 

dl. Nearly all weighing machines depend on the princi- 
ple of the lever; the resistance is the weight to be deter- 
. mined, and the power is a counterpoising weight of known 
value. 

There are two principal classes of weighing machines : 
in ihQ first the lever arm of the power is constant, and the 
power varies ; in the secondy the power is constant, and its 
lever arm varies. The ordinary balance is an example of 
the first class, and the steelyard of the second. 

The Oommon Balance. 

68. The common balance consists of a lever, ABy called 
the beam, having a knife-edge fulcrum, F^ and two scale- 
pans, D and Ey suspended from its 
extremities by means of knife-edge 
joints at A and B. The beam is 
supported by a standard, FK, rest- 
ing on a foot-plate, L. The standard 
is made vertical by levelling screws 
passing through the foot-plate. The 
knife-edges and their supports are 
of hardened steel ; and to prevent unnecessary wear, an ar- 
rangement is made for throwing them from their bearings 
when not in use. A needle, N, playing in front of a grad- 
uated scale, OHy shows the amount of deflection of the 
beam. 




Fig.eo. 
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In the finer balances employed in scientific investigation, 
many additional contriyances are introduced, to render the 
machine more perfect For a complete description of 
these balances the reader is referred to more extended 
treatises. 

A good balance should fulfil the following conditions : 
1% H should be true; 2*, it should be sMle — ^that is, when 
the beam is deflected it should tend to return to a horizon- 
tal position ; 3*, it should be sensitive — ^that is, it should be 
deflected from the horizontal by a small force. 

In order that a balance may be true, its lever arms must 
be equal in length, and both the beam and scale-pans must 
be symmetrical with respect to two planes through the cen- 
tre of gravity of the beam, the first plane being perpen- 
dicular to the beam, and the second perpendicular to the 
fulcrum. 

In order that it may be stabhy the centre of gravity of 
the beam must be below the fulcrum, and the line joining 
the points of suspension of the scale-pans must not pass 
above the fulcrum. 

In order that it may be sensitive, the line joining the 
points of suspension must not pass below the fulcrum, the 
lever arms must be as long, and the beam as light as 
is consistent with strength and stiffness, the knife-edges 
must be horizontal and parallel to each other, and the fric- 
tion at the joints must be as small as possible. The sensi- 
tiveness of a balance diminishes as the load increases. 

The true weight of a body may be found by a balance 
whose lever arms are not equal, by means of the principle 
demonstrated below. 

Denote the length of the lever arms, by r and r', and 
the weight of the body, by W. When the weight W is 
applied at the extremity of the arm r, denote the counter- 
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poising weight by W; and when it is at the extremity of 
the arm r', denote the counterpoising weight by W'\ We 
shall have, from the principle of the lever, 

Wr = WY, and Wr' = Tf'V. 

^ Multiplying these equations, member by member, we 
have. 



W'rr' == WWW; .-. W= VW W"; 
that is, the trvs weight is equal to the sqtuzre root of the 
product of the apparent weights. 

A still better method, and one that is more free from the 
effect of errors in construction, is to place the body to be 
weighed in one scale, and put weights in the other, till the 
beam is horizontal ; then remove the body to be weighed, 
and replace it by known weights, till the beam is again 
horizontal; the sum of the replacing weights will be the 
weight required. If, in changing the load, the positions 
of the knife-edges be not- changed, this method is almost 
perfect; but this is a condition diflBcult to fulfil. 

The Steelyard. 

69. The steelyard is an instrument for weighing bodies. 
It consists of a lever, ABy called the beam ; a fulcrum, F; 
a scale-pan, 2>, attached at 
the extremity of one arm; 
and a known weight, Ey Ac/--g p|^ 
movable along the other arm. /\ J? • 

We shall suppose the weight 
of ^ to be 1 lb. This instru- pig. ei. 

ment is sometimes more convenient than the balance, but 
it is not so accurate. The conditions of sensibility are 
essentially the same as for the balance. To graduate the 
instrument, place a pound-weight in the pan, D, and move 
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the counterpoise E till the beam rests horizontal — ^let that 
point be marked 1 ; next place a 10 lb. weight in the pan, 
and move the counterpoise E till the beam is again hori- 
zontal, and let that point be marked 10 ; divide the inter- 
mediate space into nine equal parts, and mark the points 
of division as shown in the figure. These spaces may be 
subdivided at pleasure, and the scale extended to any 
desirable limits. We have supposed the centre of gravity 
to coincide with the fulcrum ; when this is not the case, 
the weight of the instrument must be taken into account 
as a force applied at its centre of gravity. We may then 
graduate the beam by experiment, or we may compute the 
lever arms, corresponding to different weights, by the prin- 
ciple of moments. 

To weigh a body with the steelyard, place it in the scale- 
pan, and move the counterpoise E along the beam till an 
equilibrium is established; the mark on the beam will 
indicate the weight. 

The bent Iiever Balance. 

70. This balance consists of a bent lever, -4 C5; a ful- 
crum, 0; a scale-pan, D j and a graduated arc, EFy whose 
centre is the centre of motion, C, 
When a weight is placed in the 
scale-pan, the p9,n is depressed, the 
weight B is raised, and its lever 
arm increased. When the moments 
of the two forces become equal, the 
instrument comes to rest, and the 
weight is indicated by a needle 
projecting from B, and playing in front of the arc FE. 
The zero of the arc EF is at the point indicated by the 
needle when there is no load in the pan D. 




Digitized by VjOOQU^ 



ELEMK^TABY MACHINES. 



87 



The instrument may be graduated experimentally by 
placing weights of 1, 2, 3, &c., pounds in the pan, and 
marking the points at which the needle comes to rest; or 
it may be graduated by the principle of moments. 

To weigh a body with the bent lever balance, place it in 
the scale-pan, and note the point at which the needle 
comes to rest ; the reading will give the weight sought. 

Oompoiind Balances. 

71. Compound balances are used in weighing heavy 
articles, as merchandise, coal, freight for shipping, &c A 
great variety of combinations have been employed, one of 
which is shown in the figure. 

AB ia A platform on which the object to be weighed is 
placed; BC is a, guard firmly attached to the platform; 
the platform is supported 
on the knife-edge ful- 
crum B, and the piece Z>, 
through the medium of a 
brace CD; OF is a lever 
turning about the fulcrum 
Fy and suspended by a rod Fig. 68. 

from the point L; LN is a lever having its fulcrum at My 
and sustaining the piece Z> by a rod KH ; is a scale-pan 
suspended from the end N of the lever LN. The instru- 
ment is so constructed, that 

EFxGF:: KM : LMj 
and KM is generally made equal to ^^ of MN. The parts 
are so arranged that the beam LN shall rest horizontally 
when no weight is placed on the platform. 

If, now, a body Q be placed on the platform, a part of its 
weight will be thrown on the piece I>, and, acting down- 
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ward, will produce an equal pressure at -E The remain- 
ing part will be thrown on Ey and, acting on the lever 
FGy will produce a downward pressure at O, which will 
be transmitted to i y but, on account of the relation given 
by the above proportion, the eflfect of this pressure on the 
lever iiVwill be the same as though the pressure thrown 
on E had been applied directly at K. The final eflfect is, 
therefore, the same as though the weight of Q had been 
applied at K, and, to counterbalance it, a weight equal to 
^ of C must be placed in the scale-pan 0. 

To weigh a body, place it on the platform, and add 
weights to the scale-pan till LN is horizontal, then 10 
times the sum of the weights added will be the weight 
required. By applying the principle of the steelyard to 
this balance, objects may be weighed by using a constant 
counterpoise. 

Examples. 

1. In a lever of the first dass, the lever arm of the resistance is 3} 
inches, that of the power/ 8di, and the resistance 100 lbs. What 
power is necessary to hold the resistance in equilibrium ? Arn. 8 lbs. 

2. Four weights of 1, 8, 5, and 7 lbs., are suspended fit)m points of 
a straight lever, eight inches apart How fiu* from the point of ap- 
plication of the first weight must the fulcrum be situated, that the 
weights may be in equilibrium ? 

SOLUTION. 

Let X denote the required distance. Then, from Art (34) 
1 X aj+ 3(«- 8) + 5(« - 16) + 7(aj— 24) = 0; 
.-. ar = 17 in. Ans. 

3. A lever, of uniform thickness, and 12 feet long, is kept hori7X)n- 
tal by a weight of 100 lbs. applied at one extremity, and a force P 
applied at the other extremity, so as to make an angle of 80° with 
the horizon. The flilcrum is 20 inches from the point of application 
of the weight, and the weight of the lever is 10 lbs. What is the 
value of P, and what is the pressure on the fulcrum ? 
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SOLUTION. 
The lever arm of Pis equal to 124 in. X sin 80" = 62 in., and the 
lever arm of the weight of the lever is 52 in. Hence, 

20X100 = 10X52 + PX62; ' .'. P = 24 lbs. nearly. 
We have, also, 

B = VX* + r« = v^(110 + 24 sin dOy + (24 cos 80°)«. 
.-. iJ = 123.8 lbs.; 
, X 20.786 .^^Q„ 

and, ^ ^« = 5 = l23:8"='^^^^' 

.-. a = 80' 20^ 02". 
4 A heavy lever rests on a fulcrum 2 feet fh>m one end, 8 feet from 
the other, and is kept horizontal by a weight of XOO lbs., applied at 
the first end, and a weight of 18 lbs., applied at the other end. What 
is the weight of the lever, supposed of uniform thickness throughout ? 

SOLTTnON. 

Denote the required weight by x; its arm of lever is 8 feet We 
have, from the principle of the lever, 

100x2=ajX-3 + 18x8; .'. aj = 181 lbs. Ans. 

6. Two weights keep a horizontal lever at rest; the pressure on 
the fulcrum is 10 lbs., the difference of the weights is 4 lbs., and the 
difference of lever arms is 9 inches. What are the weights, and their 
lever arms ? 

Ans. The weights are 7 lbs. and 3 lbs. ; their lever arms are 15} 
in., and 6} in. 

6. The apparent weight of a body weighed in one pan of a false 
balance is 5^ lbs., and in the other pan it is 6 A lbs. What is the 
truewdght? 

Tr=:v/VxH = 61bs. Ans. 

The Inclined Plane. 

72. An inclined plane is one that is inclined to the 
horizon. 

In this machine, the power may be a force applied to a 
body either to prevent motion down the plane, or to pro- 
duce motion up the plane, and the resistance, the weight of 
the body acting vertically downward. The power may be 
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applied in any direction whatever ; bnt we shall suppose 
it to be in a vertical plane, perpendicular to the inclined 
plane. 

Let AB be an inclined plane, a body on it, R itfi 
weight, and P the force necessary to hold it in equilibrium. 
In order that these two forces may 
keep the body at rest, their result- 
ant must be perpendicular to AB 
(Art 58). 

If the direction of P is given, its 
intensity may be found as follows : rig. ei 

draw OR to represent the weight, and OQ perpendicular 
to AB; through R draw RQ parallel to OP, and through 
Q draw QP parallel to OR; then will OP represent the 
required intensity, and OQ the pressure on the plane. 

If the intensity of Pis given, its direction may be found 
as follows: draw OR and 0§ as before ; with iZ as a cen- 
tre, and the given intensity as a radius, describe an arc 
cutting OQ in Q; draw RQ, and through draw OP 
parallel, and equal to RQ; it will represent the direction 
of the force P. 

If we denote the angle between P and R by <p, and the 
inclination of the plane by a, we have the angle ROQ 
equal to a, since 0^ is perpendicular to AB, and OR to 
AOy and, consequently, QOP = 9 — a. Prom Art 33 we 
have, 

P : jB : : sin a : sin((p — a) . . . (33) 

From which, if either P or 9 be 
given, the other can be found. 

When the power is parallel to the 
plane, we have, -^ 
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9-a = 90% />;«.'-'' 

or, 8m((p — a) = 1 ; 

1 . BO r ^ /'^ 

also, sma = -— . /^ ^ ' 

AB ^ / '^ ■' 

Substituting these in the preceding proportion, and 
: reducing, we have, 

P: R:i BO: AB (34) 

That is, the power is to ihe resistance, as the height of the 
plane is to its length. When power is parallel to the base 
of the plane, we have, 9 — a = 90° — a ; whence, 

AO 
sin((p - a) = cos a ^-j^J 

, . BO 

also, sm a = -r^; 

AjD 

Substituting in (33), and reducing, 

we have, Pig.fl6. 

F : R :: BO: AO (35) 

That is, the power is to the resistance, as the height of the 
plane is to its base. 

From the last proportion we have, 

P = i2 5^=i2tana- 

If a increase, the value of P will increase, and when a 
becomes 90°, P becomes infinite; that is, no finite horizon- 
tal force can sustain a body against a vertical wall, without 
the aid of friction. 

Examples. 

1. A i)ower of 1 lb., acting parallel to an inclined plane, supports 
a weight of 2 lbs. What is the inclination of the plane ? Am. 30" 
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2. The power, resistance, and normal pressure, in' the case of an 
inclined plane, are, respectively, 9, 18, and 6 lbs. What is the incli- 
nation of the plane, and what angle does the power make with the 
plane ? 

SOLUTION. 

If we denote the angle between the power and resistance by ^, 
and the inclination of the plane by a, we have, from (Art 32), 



6 = Vl^ + 9« + 2 X 9 X 13 cos 9); 
.-. g> = 156° 8' 20". 
Also, from (Art 33), for the inclination of the plane, 

6 : 9 : : sin 156** 8' 20" : 6ma{ .-. a = 37** 21' 26". 
Inclination of power to plane = ^ - 90* - a: = 28" 46' 54". Ans. 

3. A body is supported on an inclined plane by a force of 10 lbs., 
acting parallel to the plane ; but it requires a force of 12 lbs. to sup- 
port it when the force acts parallel to the base. What is the weight 
of the body, and the inclination of the plane? 

Ans, The weight is 18.09 lbs., and the inclmation 33° 33' 25". 

'\ The Pulley. 

78. A pulley is a wheel having a groove around its cir- 
cumference to receive a cord ; the wheel turns on an axis 
at right angles to its plane, and this axis is supported by a 
frame called a block. The pulley is said to be fixed, when 
the block is fixed, and movable, when the block is movable. 
Pulleys are used singly, or in combinations. 

Single Fixed Pulley. 

74. In this machine the block is fixed. Denote the 
power by P, the resistance by R, and the radius of the pul- 
ley by r. It is plain that both the power and 
resistance should be at right angles to the axis. 
Hence, if we take the axis of the pulley as an 
axis of moments, we have, (Art. 41), in case of 
equilibrium, 

P'r = Rr; or, P = 72. 
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That is, the power is equal to the resistance. 
The effect of this pulley is simply to change the direction 
of a force. 

Single Movable Pulley. 

75. In this pulley the block is movable. The resistance 
is applied by means of a hook attached to the block ; one 
end of a rope, enveloping the lower part of the 
pulley, is attached at a fixed point, C, and the 
power is applied at its other extremity. We 
shall suppose, in the first place, that the two 
branches of the rope are parallel. 

Adopting the notation of the preceding arti- 
cle, and taking -4 as a centre of movements, 
we have, in case of equilibrium (Art. 41), 

Fx2r=Erj .-. F = ^R. 

That is, when the power and resistance are parallel, the 
power is one-half the resistance. The tension of the cord 
CA is the same as that of BP. It is, therefore, equal to 
one-half the resistance. If the resistance of the point 
be replaced by a force equal to P, the equilibrium will be 
undisturbed. 

Let the two branches of the enveloping cord be oblique 
to each other. Suppose the resist- 
ance C to be replaced by a force 
equal to P, and denote the angle be- 
tween the two branches of the rope 
by 29. If there is an equilibrium 
between P, P, and E, we must have 

'^lP>'^/' 2Pcos(p=P. 

Draw the chord AB, and denote 
its length by c ; draw, also, the radius OP. 
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OR is perpendicular to AB and BP to OB^ the angle Ahr^ 
is one-half A CBy or equal to 9. Hence, 



t 



coap = ic-7- »" = 3^- 



;-C. 



Substituting in the preceding equation, and reducing, we 
have, 

Pc= Rr; .-. P : R w r \ c . . . . (36) 

That is, the power is to the resistance, as the radius of the 
puUey,is to the chord of the arc enveloped by the rope. 

When the chord is greater than the radius, there is a gain 
of mechanical advantage ; when less, there is a loss. 

If the chord is equal to the diameter, we have, as before, 

P = iR. 

Oombliiation of Movable PulleyB. 

76. The figure represents a combination of movable 
pulleys, in which there are as many cords -_ 
as pulleys; one end of each cord is attached 
at a fixed point, the other end being fast- 
ened to the hook of the next pulley in 
order, up to the last cord, at the second ex- 
tremity of which the power is applied. 

Denote the tension of the cord between 
the first and second pulley by t, that of 
the cord between the second and third 
pulley by f. From the preceding Article, 
we have, 

t==iR; f = it; P=if. 

Multiplying these equations together, member by mem- 
ber, and reducing, we have, 




Pig. 70. 
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Had there been n pulleys in the combmation, we should 
have obtained, in a similar manner, 

P = {i)\R; .-. P : i2 : : 1 : 2* (37) 

That is, the power is to the resistance, as 1 is to 2% n de- 
noting the number of pulleys. 

Oombinatioiui of Pulleys in Blooki. 

77. These combinations are effected in various ways. 
In most cases, but one rope is employed, which, being 
attached to a hook of one block, passes round a pulley in 
the other block, then round one in the first, and so on, 
from block to block, till it has passed round each pulley in 
the system. The power is applied at the free end 
of the rope. Sometimes the pulleys in each 
block are placed side by side, sometimes one 
above another, as in the figure, in which case 
the inner ones are made smaller than the outer 
ones. The conditions of equilibrium are the 
same in both cases. To deduce the conditions 
of equilibrium in the case represented, denote 
the power by P, and the resistance by R. 
When there is an equilibrium, the tension of 
each branch of the rope that aids in supporting 
the resistance must be equal to P; but, since 
the last pulley simply serves to change the ^-ti. 
direction of the force P, there will be four such branches 
in the case considered ; hence, we shall have, 

4P = P, or, P = iP. 

Had there been n pulleys in the combination, there 
would have been n supporting branches, and we should 
have had, 

nP = By or, P : P : : 1 : w (38) 
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That is, the power is to the resistance, as 1 is to the num- 
ber ofhratiches of the rope that support the resistance. 

The principles already considered are sufficient to deter- 
mine the relation between the power and resistance in any 
combination whatever. ' 

Examples. 

1. In a 83rstem of six moyable pulleys, of the kind described in 
Art 76, what weight can be sustained by a power of 12 lbs. ? 

Ans. 768 lbs. 

2. In a combination of pulleys in two blocks, when there are six 
pulleys in each block, what weight can a power of 12 lbs. sustain in 
equilibrium ? Ans. 144 lbs. 

3. In a combination of separate movable pulleys, the resistance is 
676 lbs., and the power that keeps it in equilibrium is 9 lbs. How 
many pulleys in the combination ? Am, 6. 

4 In a combination of pulleys in two blocks, with a single rope, 
the power is 62 lbs., and the resistance 496 lbs. How many pulleys 
in each block ? Ans. 4. 

5. In a combination of two movable pulleys, the inclinations of the 
ropes at each pulley is 60°. What is the power required to support 
a weight of 27 lbs. ? Am. 9 lbs. 

The Wheel and Axle. 

78. The wheel and axle consists of a wheel. A, monnted 
on an axle, B. The power is applied 
at one extremity of a rope wrapped 
around the wheel, and the resistance 
at one extremity of a second rope, 
wrapped around the axle in a con- 
trary direction. The whole is sup- 
poi-ted by pivots projecting from the ^Sg. t^ 

ends of the axle. In deducing the 
conditions of equilibrium, we shall suppose the power and 
resistance to be at right angles to the axis. 
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Denote the power by P, the resistance by R, the radius 
of the wheel by r, and the radius of the axle by r'. We 
shall have, in case of equilibrium (Art 41), 

Ft = Er', or, P : i? : : / : r * . . . (39) 

^That is, the pmoer is to the resistance, as the 
radius of the axle, to the radius of the wheel. 

By suitably varying the dimensions of the 
wheel and axle, any amount of mechanical 
advantage may be obtained. 

If we draw a line from the point of contact of the first 
rope with the wheel, to the point of contact of the second 
rope with the axle, the power and resistance being parallel, 
it will cut the axis of revolution at the point that divides 
the line through the points of contact into parts, inversely 
proportional to the power and resistance. Hence, this is 
the point of application of the resultant of these forces. 
The resultant is equal to the sum of the forces, and by the 
principle of moments, the pressure on each pivot may be 
computed. When the weight of the machine is taken into 
account, we regard it as a vertical force applied at the 
centre of gravity of the wheel and axle. The pressures 
on each pivot due to this weight may be computed 
separately, and the results combined with those already 
found. 

Oombinatioiui of Wheels and Axles. 

79. If the rope of the first axle be passed around a 
second wlieel, and the rope of the second axle around a 
third wheel, and so on, a combination will result, capable 
of affording great mechanical advantage. The figure 
represents a combination of two wheels and axles. To 
deduce the conditions of equilibrium, denote the power by 

5 
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P, the resistance by R, the radius of the first wheel by 
r, that of the first axle by r', that of the second wheel by 
r", and that of the second axle by r'". 
If we denote the tension of the con- 
necting rope by t, this may be regarded 
as a power applied to the second wheel. 
From what was demonstrated for the 
wheel and axle, we shall have, 

Fr = tr'y and tr" = Rr"\ 

Multiplying these equations member 
by member, and reducing, we have, 

Frr'' = ErV"; or,.P : R :: rV" : rr". 

In like manner, were there any number of wheels and 
axles in the combination, we might deduce the relation, 

Prr'^r''' . . . = RrV'r^ . . .; 

or, P: R :: r'n^'W^ : rr"r''' (40) 

That is, the power is to the resistance, as the contimted 
product of the radii of the ancles, to the continued product 
of the radii of the wheels. 

The principle just explained, is applicable to machinery 
in which motion is transmitted from wheel to wheel by 
bands, or belts. An endless band, called the driving belt, 
passes around one drum mounted on the axle of the driving 
wheel, and around another on that of the driven wheel. 

The Orank and Axle, or Windlass. 

80. This machine consists of an axle, AB, and a crank, 
BCD. The power is applied to the crank-handle, DC, 
and the resistance to a rope wrapped around the axle. 
The distance, J5(7, from the handle to the axis, is the 
crank-arm. 
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The relation between the power and resistance is the same 
as in the wheel and axle, except that we substitute the 
crank-arm for the radius of ^^^■i 
the wheeL ^ 

Hence, the power is to the 
resistance, as the radius of the 
axle, to the cranJc-arm, 

This machine is used in 
drawing water from wells, in 

. . ^ - . , Fig. 75. 

raising ore from mines, and 

the like. It is also used in combination with other ma- 
chines. Instead of the crank, as shown in the figure, two 
holes are sometimes bored at right angles to each other 
and to the axis, and levers inserted, at the extremities of 
which the power is applied. The condition of equilibrium 
remains unchanged, provided we substitute for the crank- 
arm, the distance from the point of application of the 
power to the axis. 

The Capstan. 

81. The Capstan differs in no material respect from the 
windlass, except in having its axis vertical. The capstan 
consists of a vertical axle passing through guides, and hav- 
ing holes at its upper end for the insertion of levers. It is 
used on shipboard for raising anchors. The conditions of 
equilibrium are the same as in the windlass. 

'^^ 
The Differential Windlass. 

82. This differs from the common windlass in having 
its axle formed of two cylinders, A and B, of different 
diameters. A rope is attached to the larger cylinder, and 
wrapped several times around it, after which it passes 
round the movable pulley, C, and, returning, is wrapped in 
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a contrary direction about the smaller cylinder, to which 
the second end of the rope is made fast. The power is 
applied at the crank-handle, FE, 
and the resistance to the hook 
of the movable pulley. When 
the crank is turned so as to 
wind the rope on the larger 
cylinder, it unwinds it from the 
smaller one, but in a less de- 
gree, and the total eflfect is to 
raise the resistance, R, To de- 
duce the conditions of equilib- 
rium, denote the power by P, ^* '^ 
. the resistance by i?, the crank-arm by c, the radius of the 
larger cylinder by r, and that of the smaller cylinder by r'. 
The resistance acts equally on the two branches of the rope 
from which it is suspended, hence the tension of each 
branch may be represented by ^R. Suppose the power 
acts to wind the rope on the larger cylinder. The moment 
of the power will be Pc ; the moment of the tension of the 
branch A will be ^Rr', this acts to assist the power; the 
moment of the tension of the branch B will be* iRr, this 
acts to oppose the power. From the principle of moments, 
we have, 

Fc + i^r' = iRry or, Fc = iR{r - r'); 
whence, 

F : R :: r-r' : 2c (41) 

That is, the power is to the resistance, as the difference of 
the radii of the cylinders, to twice the crank-arm. 

By increasing the crank-arm and diminishing the differ- 
ence between the radii of the cylinders, any amount of 
mechanical advantage may be obtained ; but the amount of 
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rope required for a single turn is so great as to render the 
contrivance in the form described of little practical value. 
This difficulty is avoided in a machine known as Weston's 
pulley-block. In this combination, there are two pulleys 
nearly equal in size, and turning together as one in the 
upper block. An endless chain takes the place of the rope, 
and is prevented from slipping by projecting pins. The 
power is applied at the portion of the chain that leaves the 
larger pulley, and the chain continues to run till the weight 
is raised. To trace the course of the chain, let us com- 
mence at the point where it leaves the lower pulley : from 
this it ascends, passing around the larger pulley in the 
upper block ; descending so as to leave a sufficient amount 
of slack, it again rises to the upper block, passes around 
the smaller pulley, and returns to the place of beginning. 



Wheel-work. 

83. The principle employed in finding the relation be- 
tween the power and resistance in a train of wheel-work 
is the same as that used in dis- _ 

cussing the wheel and axle and 
its modifications. To illus- 
trate, we have taken a case in 
which the power is applied to 
a crank-handle that is attached 
to the axis of a toothed wheel, 
A; the teeth of this wheel 
work into the spaces of the 
toothed wheel. By and the resistance is attached to a rope 
wound round the arbor of the last wheel. In order that 
A may communicate motion to B^ the number of teeth in 
their circumferences should be proportional to their radii, 
and the spaces between the teeth in one wheel should be 




Pig. 77. 



Digitized by VjOOQ IC 



102 MECHANICS. 

large enough to receive the teeth of the other, but not 
large enough to allow much play. The teeth should 
always come in contact at the same distances from the 
centres of the wheels, and those distances are taken as the 
radii of the wheels. 

Denote the power by P, the resistance by H, the crank- 
arm by Cy the radius of the wheels by r, that of ^ by r', 
that of the arbor by r", and suppose the power and resist- 
ance in equilibrium. The power tends to turn the wheels 
in the direction of the arrow-heads. This tendency is 
counteracted by the resistance which tends to produce mo- 
tion in a contrary direction. If we denote the pressure at 
C by B'y we have, from what has preceded, 

Pc=R'r and RV == Br"; 

whence, by multiplication and reduction, 

Fcr' = Err", or, F : E i : rr" : cr' .... (42) 

That is, the power is to the resistance, as the continued 
product of the alternate arms of lever, beginning at tlie 
resistance, to the continued product of the alternate arms of 
lever beginning at the power. 

Had there been any number of wheels in the train be- 
tween the power and resistance, we should have found 
similar conditions of equilibrium. 

Examples. 

f 1. A power of 6 lbs., acting at the circumference of a wheel whose 
radius is 5 feet, supports a resistance of 200 lbs., applied at the cir- 
, cumference of the axle. What is the radius of the axle ? 

Ans, li inches. 
2. The radius of the axle of a windlass is 3 inches, and the crank- 
arm 15 inches. What power must be applied to the crank-handle, 
to support a resistance of 180 lbs., applied at the circumference of the 
axle? An8, d^lha 
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3. A power, P, acts on a rope 2 inches in diameter, passing over a 
wheel whose radius is 3 feet, and supports a resistance of 320 lbs., 
applied by a rope of the same diameter, passing over an a^^gle whose 
radius is 4 inches. What is the value of P, the thickness of the rope 
being taken into account? Atu, 48 f^ lbs. 

The Screw. 

84. The screw is a combination of two inclined planes 
twisted round an axis. It consists of a solid cylinder, 
enveloped by a spiral projection called the 
thread. The thread may be generated as fol- 
lows : let an isosceles triangle be placed so that 
its base shall coincide with an element of the 
cylinder, and its plane pass through the axis. 
Let the triangle be revolved uniformly about 
the axis, and at the same time moved uniformly 
in the direction of the axis, at such a rate that it shall pass 
over a distance equal to the base of the triangle in one 
revolution. The solid generated by the triangle is the 
thread of the screw. The sides of the triangle generat/C 
helicoidal surfaces, which constitute the upper and lower 
surfaces of the thread. Each point of these lines generates 
a curve called a helix, which is similar to an inclined plane 
bent round a cylinder. The vertex generates the outer 
helixy and the angular points of the base trace out the inner 
helix. The screw just described has a triangular thread. 
Had we used a rectangle, instead of a triangle, and imposed 
the condition, that the motion in the direction of the axis 
during one revolution, should be twice its base, we should 
have had a screw with a rectangular thread, as in the figure. 

The screw works into a piece called a nut, generated in a 
manner analogous to that just described, except that what 
is solid in the screw is hollow in the nut ; it is, therefore, 
exactly adapted to receive the thread of the screw. Some- 
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times^ the screw is fast, and the nut turns on it ; in this 
case, the nnt has a motion of revolution, combined with a 
longitudinal motion. Sometimes^ the nut is fast, and the 
screw turns within it; in this case, the screw has a motion 
in the direction of its axis, in connection with a motion 
of rotation. The conditions of equilibrium are the same 
for each. In both cases, the power is applied at the ex- 
tremity of a lever. We shall suppose the nut to remain 
fast, and the screw to be movable, and that the resistance 
is parallel to the axis of the screw. If the axis is vertical, 
and the resistance a weight, we may regard that weight as 
resting on one of the helices, and sustained in equilibrium 
by a horizontal force. If the supporting helix be developed 
on a vertical plane, by unrolling the surface of the cylinder 
on which it lies, it will form an inclined plane, whose base 
is equal to the base of the cylinder on which it lies, and 
whose altitude is the distance between the threads of the 
screw. 

Let ^^ be the development of the helix, and F the 
force applied parallel to the base, and immediately to the 
weight iZ, to sustain it on the plane. We have, (Art 72), 

Fi R :. BC : AC. 

But the power is actually applied through the medium 
of a lever. Denoting the ra- 
dius, OGy of the cylinder of the 
supporting helix, by r, and the 
arm of lever of the power, P, by 
p, we have, from the principle 
of the lever, 

P I F i: r I p; 
or, 

P I F \i ^r I 2itp. F%. 19. 



Digitized by VjOOQ IC 




ELEMEKTABT MACHINES. 105 

Combining this proportion with the preceding one, and 
recollecting that AC= 2irr, we deduce the proportion, 

F : R :: BC: 2^p (43) 

That is, the power is to the resistance, as the distance be- 
tween the threads, to the circumference described by the point 
of application of the power. 

By diminishing the distance between the threads, other 
things being equal, any amount of mechanical advantage 
may be obtained. 

The screw is used for producing great pressures through 
small distances, as in pressing books for the binder, pack- 
ing merchandise, expressing oils, and the like. On account 
of the great amount of friction, and other hurtful resist- 
ances developed, the modulus of the machine is small. 

The 'Differential Screw. 

85. The differential screw consists of an ordinary screw, 
into the end of which works a smaller screw, having its 
axis coincident with the first The distance between the 
threads of the second screw is less than that of the first, 
and this difference maybe made as small as desirable. The 
second screw is so arranged that it admits of longitudinal 
motion, but not of rotation. By the action of the differ- 
ential screw, the weight is raised vertically through a dis- 
tance equal to the difference of the distances between the 
threads on the two screws, for each revolution of the point 
of application of the power. 

Hence, the power is to the resistance, as the difference of 
the distances between the threads of the two scr&ws to the 
circumference described by the point of application of the 
power, 

6* 
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The Endless Screw. 

86. The endless screw is a screw secured by shoulders, 
so that it cannot be moved longitudinally, and working 
into a toothed wheel. The dis- 
tance between the teeth is nearly 
the same as the distance between 
the threads of the screw. When 
the screw i§ turned, it imparts a 
rotary motion to the wheel, which 
may be utilized by any mechanical 
device. The conditions of equilib- 
rium are the same as for the 
screw, the resistance in this case 
being offered by the wheel, in the 
direction of its circumference. 

Machines of this kind are used for counting the number 
of revolutions of an axis. An endless screw is arranged to 
turn as many times as the axis, and being connected with 
a train of light wheel- work, the last piece of which bears 
an index, the number of revolutions can be ascertained at 
any instant. For example, suppose the first wheel to have 
100 teeth, and to bear on its arbor a pinion having 10 
•teeth ; suppose this to engage with another wheel having 
100 teeth, and so on. When the endless screw has made 
10,000 revolutions, the first wheel will have made 100 revo- 
lutions, the second will have made 10 revolutions, and the 
third 1 revolution. By a suitable arrangement of indices 
and dials, the exact number of revolutions, at any instant, 
may be read off. 

Examples. 

1. What must be the distance between the threads of a screw, that 
a power of 28 lbs., acting at the extremity of a lever 25 inches long, 
may sustain a weight of 10,000 lbs. ? Ans. .4396 inches. 
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2. The distance between the threads of a screw is i of an inch. 
What resistance can be supported by a power of 60 lbs., acting at the 
extremity of a lever 15 inches long ? Am. 16,964 lbs. 

3. The distance from the axis of the trunions of a gun weighing 
2,016 lbs. to the elevating screw is 3 feet, and the distance of the 
centre of gravity of the gun from the same axis is 4 inches. If 
the distance between the threads of the screw be | of an inch, and 
the length of the lever 5 inches, what power must be applied to sus- 
tain the gim in a horizontal position ? Am, 4754 lbs. 

The Wedge. 

87. The wedge is a combination of two inclined planes. 
It is bounded by a rectangle, BDy called the hack; two 
rectangles, AF and DF, called /ace«; and 
two isosceles triangles, called ends. The 
line, EFy in which the faces meet, is the edge. 

The power is applied at the back, to which 
it should be normal, and the resistance is 
applied to the faces, and normal to them. 
One half the resistance is applied to one 
face, and the other half to the other face. 
Let ABC be a section of a wedge by a plane 
at right angles to the edge. Denote the power by P, the re- 
sistance opposed to each face by ^R^ and 
the angle i9-4 C by 2(p. Produce the direc- 
tions Qf 4he resistances till they intersect 
in 0. This point will be on the line of * 
the direction of the power. Because the 
three forces P, |i2, and ^R are in equilib- il< 
rium, we have, (Art 33), 
P: \R :: sinFOD : sinPOD ... (44) 

But, DO and FO are perpendicular to 
ACaniAB; hence, 

sinFOD = sin2g) = 2sin(p cos(p. 
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In like manner, PO and DO 9ae perpendicular to KG 
and AG ; hence, 

sinP OD = sin^ CK = cos©. a c ^ 

Substituting, and reducing, we have, 

P i\R:: 28in9 : 1, ^~ ^ ^^^ 

or, P I R :i EC I AC (45) <Ct. Uw ^ 

That is, the power is to the resistance^ as half the breadth 
of the hachy is to the length of the face. 

The mechanical advantage of the wedge may be in- 
creased by diminishing the breadth of the back, or, in 
other words, by making the edge sharper. The principle 
of the wedge finds an application in cutting instruments. 
By diminishing the thickness of the back, the instrument 
is weakened; hence the necessity of forming cutting instru- 
ments of hard and tenacious material. 

Application of the Principle of Virtoal Mcmeiitt. 

88. The preceding conditions of equilibrium might have 
been deduced from the principle of virtual moments. To 
illustrate the mode of proceeding, let us take the case of a 
single movable pulley, and suppose P and ^ to be in equi- 
librium. Let the machine be set in motion until P has 
acted through a very small distance, FG, in its ^ 
own direction ; the force, Ry will have acted 
in the same time through some distance, DEy 
contrary to its own direction. From the prin- 
ciple of virtual moments, we have, 
PXFG- RxDE—0. 

In order that R may act through a dis- 
tance, DEy each branch of the rope must be 
shortened by an equal amount; in other 
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words, the force, P, must act through twice the distance, 
DE, Making FO = WEy and reducing, we have, 

as already shown. In like manner, the conditions of equi- 
librium for other machines may be deduced. 

Hartfdl Resistances, 

89. The principal hurtful resistances that must be taken 
into account in modifying the relations between the power 
and resistance, are friciiouy adhesmiy stiffness of cords^ 
and atmospheric resistance. 

Friotlon. 

90. Friction is the resistance one body experiences in 
moving on another, the two being pressed together by some 
force. This resistance arises from inequalities in the sur- 
faces, the projections of one sinking into the depressions 
of the other. In order to overcome this resistance, suffi- 
cient force must be applied to break oflT, or bend down, the 
projecting points, or else to lift the moving body clear of 
them. The force thus applied, is equal, and directly 
opposed to the force of friction, which is tangential to the 
two surfaces. The force that presses the surfaces together, 
is normal to both at the point of contact. 

Between certain bodies, friction is somewhat diflferent 
when motion is just beginning, from what it is when mo- 
tion has been established. The friction developed when a 
body is passing from a state of rest to a state of motion, \a 
QsSie^ friction of quiescence; that between bodies in mp- 
tion, is called friction of motion. 

The following laws of friction have been established by 
experiment, viz. : 
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First, friction of quiescence between the same bodies, is 
proportional to the normal pressure, and.independent of the 
extent of the surfaces in contact. 

Secondly, friction of motion between the same bodies, is 
proportional to the normal pressure, and independent, both 
of the extent of surface of contact, and of the velocity of the 
moving body. 

Thirdly, for compressible bodies, friction of quiescence is 
greater than friction of motion : for bodies which are in- 
compressible, the difference is scarcely appreciable. 

Friction may be diminished by the interposition of 
unguents, which fill up the cavities, and so diminish the 
roughness of the rubbing surfaces. For slow motions and 
great pressures, the more substantial unguents are used, 
such as lard, tallow, and certain mixtures ; for rapid mo- 
tions, and light pressures, oils are generally employed. 

Methods of finding the Coefficient of Friction. 

91. The quotient obtained by dividing the force of fric- 
tion by the normal pressure, is called the coefficient of fric- 
tion ; its value for any two substances, may be determined 
as follows : 

Let -4 J9 be a horizontal plane formed of one of the sub- 
stances, and a cubical block of the other. Attach a 
string, 00, to the block, so that 
its direction shall pass through 
the centre of gravity, and be 



a 



■tr> 



parallel to AB ; let the string 

pass over a fixed pulley, O, and ^ Jp 

let a weight, F, be attached to its ng. 34. 

extremity. 

Increase F till O just begins to slide along the plane, 
then will F be the force of friction. Denote the normal 



Digitized by VjOOQ IC 



ELEMBNTABY MACHINES. Ill 

pressure, by P, and the coefficient of friction, by/. Prom 
the definition, we have, 

J - p 

In this manner, values for / may be found for different 
substances, and arranged in tables. 

The value of /, for any substance, is the uniij or coeffi- 
cient of friction. Hence, we may define the unit, or coeffi- 
cient of friction, to be the friction due to a normal 'pressure 
of one pound. 

Having the normal pressure in pounds, and the coeffi- 
cient of friction, the entire friction may be found by mul- 
tiplying these quantities together. 

There is a second method of finding the value of /, as 
follows : 

Let -4j5 be an inclined plane, formed of one of the sub- 
stances, and a block, of the other. Elevate the plane till 
the block just begins to slide down 
by its own weight. Denote the incli- 
nation, at this instant, by a, and the 
weight of 0, by W. Resolve TTinto 
two components, one normal to the 
plane, and the other parallel to it. ^' ^' 

Denote the former by P, and the latter by Q. Since W 
is perpendicular to A C, and OP to AB, the angle, WOP, 
is equal to a. Hence, 

P= WcoBoL, and Q= Tfsina. 
The normal pressure being equal to TTcoso, and the force 
of friction being Tfsina, we shall have, from the principle 
already explained, 

. WBina 
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The angle a is called the angle of friction. 
The yalaes of /^ in some of the more common cases, are 
given in the following 

TABLE. 
Bodies bettoeen which fHcUon takes place, Co^ffldmt qf friction. 

Iron on oak 62 

Cast-iron on oak 49 

Oak on oakjfibres parallel 48 

Do., do., greased 10 

Cast-iron on cast-iron 15 

"Wrought-iron on wrought-iroh 14 

Brass on iron 16 

Brass on brass. 20 

"Wrought-iron on cast-iron 19 

Cast-iron on elm 19 

Soft limestone on the same .64 

Hard limestone on the same 38 

Influence of Friction on an Inclined Plane. 

92. To show the manner of taking account of friction, 
let us consider the case of a body sliding on an inclined 
plane. Let AB be the plane, 
the body, P the power, situated 
in a plane perpendicular both to 
the horizon and to the given plane, 
and suppose the body on the eve 
of motion up the plane. Denote 
the weight of the body by B, the 
inclination of the plane by a, ^s- w. 

and the angle between the power and the normal to the 
plane by ^. Let P and R be resolved into components 
parallel and perpendicular to the plane. We have, for the 
parallel components, i^sina and Psin,5, and for the perpen- 
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dicolar components, iJcosa and Pcos/S. The resultant of 
the normal components is i?cosa — Pcos/3 ; and the force 
of friction (Art. 91) is equal to ' / ' 

/(jRcosa — PcosjS). - 7 

Because the body is on the eve of motion up the plane, 
the component JPAnfi must be equal and directly opposed 
to the resultant of the force of friction and the component 
JZsina ; hence, we must have, 

Psin/S = i^sina + /(Pcosa — PcoB0). 

Performing the multiplications indicated, and reducing, 
we have, 

/^'-'St^- <«) 

If an equilibrium exist, the body being on the eve of 
motion down the plane, we have, 

PsiniS -f /(iJcosa — PcosjS) = ^sina. 
Whence, by reduction, 

^=HbS^} <«) 

When ct, ^, and/, are given, P may be found in terms 

of i2. 

Example. 

* Let the plane be of oak, the sliding body of cast-iron, the inclina- 
tion of the plane to the horizon 20°, and the angle between the power 
and a normal to the given plane 64°. Required the relation between 
P and By when tiie body is on the eve of motion. 

We have, / = .49; sin a = .34; cos a = .94; sin /? = 90"; and 
COS /? = .44 Substituting, in (46) and (47), and reducing, we have, in 
the former, P = .71 B, and m the latter, P = .38 B 

Limiting Angle of Resistance. 

98. Let AB be a plane, and a body resting on it. Let 
She the resultant of all the forces acting on it, including 
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its weight Denote the angle between q 

R and the normal to AB, by a, and ^ ^^I!~7| 

suppose i? to be resolved into two *>^ j 

components, F and Qy the former — ;j — ^ ^ 

parallel to ABy and the latter per- Fig. 87. 
pendicolar to it ; we have, 

F = -Bsina, and Q = Bcoaa. 

The friction due to the normal pressure is equal to 
fRcoBti. When the tangential component ^sina is less 
than /i^cosa, the body will remain at rest; when it is 
greater than /ffcosa, the body will slide along the plane ; 
and when the two are equal, the body will be in a state 
bordering on motion along the plane. Placing the two 
equal, we have, 

/Bcosa = iJsina ; /. tana =/. 

This value of a is called the limiting angle of resistance, 
and is equal to the inclination of the plane, when the body 

is about to slide down by its own weight 

If OB be revolved about the normal, it V*-— Ua^^ 
will generate a conical surface, called the \ j y 
limiting cone of resistance. If the re- />/ X 

sultant of all the forces acting on 0, lie 2L 2-/ 

within this cone, the body will remain at ^* ** 

rest ; if it lie without, the body will move along the plane 
in the direction determined by a plane through the force 
and the normal ; if it lie on the surface of the cone, the 
body will be on the eve of motion along the plane in a 
direction determined as before. The last principle is appli- 
cable in many cases, and may be enunciated as follows : 
When ane body is on the eve of sliding along another^ tJie 
resultant of all the forces acting on the former y including 
i*8 weighty makes an angle with the normal to the surfaces 
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at their point of contact equal to the angle of friction of the 

two bodies. ^1 ,/ j' 

Friction on an Axle. / 

94. The principle demonstrated in the last article enables 
us to determine the position of equilibrium of a horizontal 
axle revolving in a cylindrical box. 

Let 0' be the centre of the cross section of the axle, and 
that of the box, and let N be their point of contact 
when the power is on the point of overcom- 
ing friction. At N let NT be drawn tan- 
gent to both circles. The axle may now 
be regarded as a body resting on the inclined 
plane, NT, and on the eve of sliding along 
it. Hence, the resultant of all the forces 
acting on the axle, except friction, must iig.sQ. 

pass through JV, and make an angle with NO equal to the 
angle of friction between the axle and box. If the axle be 
rolled further up the side of the box, it will slide back to 
N; if it be thrust down the box, it will roU back to N. 
If all the forces acting on the axle, except friction, are ver- 
tical, NT will make with the horizon an angle equal to 
that of friction. In this case the relation between the 
power and resistance may be found, as in Art. 92. 

Line of Least Traction. 

95. The force employed to draw a body uniformly along 
an inclined plane, is called the force of traction ; and the 
direction of this force is the line of traction. In equation 
(46), F is the force of traction, and ^ is the angle the line 
of traction makes with the normal. When 13 varies, other 
things being equal, the value of P also varies ; there is evi- 
dently some value of 13 that will render P least possible ; 
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the direction otP, in this case^ is the line of least traction ; 
it is along this line that a force can be applied with great- 
est advantage, to draw a body up an inclined plane. If we 
examine the expression for P, in equation (46), we see that 
the numerator is constant; therefore, the expression for 
P will be least possible when the denominator is greatest 
possible. By a simple process of the Differential Calculus, 
it may be shown that the denominator will be greatest 
possible, or a maximum, when, 

/ = cotiS, or, / = tanCQO** - ^). 

That is, the power will be applied most advantageously, 
when it makes an angle with the inclined plane equal to 
the angle of friction. 

From the second value of P, it may be shown, in like 
manner, that a force will be most advantageously applied, 
to prevent a body from sliding down a plane, when its 
direction makes an angle with the plane equal to the sup- 
plement of the angle of friction, the angle being estimated, 
as before, from that part of the plane lying above the body. 

Resistance to Rolling. 

M. Resistance to rolling, sometimes called rolling fric- 
iiouy is the resistance experienced when one body rolls on 
another, the two being pressed together by some force. It 
arises from inequalities in the two surfaces, and also from 
distortion caused by the force that presses the bodies to- 
gether. The coefficient is the quotient obtained by dividing 
the entire resistance by the normal pressure. 

The following laws have been established, when a cylin-r 
drical body rolls on a plane : 

First,, the friction is proportional to the normal pres- 
sure. 
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Secondly, it is inversely proportional to the diameter of 
the cylinder or whsel. 

Thirdly, it increases as the surface of contact and velocity 
increase. 

In many cases there is a combination of both sliding 
and rolling friction in the same machine. Thns, in a car 
on a railroad track, the friction at the axle is sliding, and 
that between the wheel and track is rolling. 

Work of Friction. 
•7. The work of friction is equal to the work of the 
force necessary to overcome it. It is therefore measured by 
the product of the force of friction into the path through 
which it is exerted. In case of an axle revolving in a box, 
the work during one revolution is equal to the force of 
friction multiplied by the circumference of the axle. 

Adhesion. 

98. Adhesion is the resistance one body experiences in 
moving on another in consequence of cohesion between 
the molecules of the surfaces in contact This resist- 
ance increases when the surfaces are allowed to remain in 
contact for some time, but is very slight when motion has 
been established. Both theory and experiment show that 
adhesion between the same surfaces, is proportional to the 
extent of the surface of contact. 

The coefficient of adhesion is obtained by dividing the 
entire adhesion by the area of the surface of contact. De- 
noting the entire adhesion by A, the area of the surface of 
contact by 8y and the coefficient of adhesion by a, we have, 

a = —, oTy A = aS. 

o 

To find the entire adhesion, multiply the unit of adhe- 
sion by the area of the surface of contact 
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StifiMM ofOorda. 
M. Let be a pulley, with a cord, ABy wrapped round 
its circumference; and suppose a force, P, applied at By 
to overcome a resistance, R. As the rope 
winds on the pulley, at C, its rigidity acts to 
increase the arm of lever of i?, and to over- ^ 
come this rigidity an additional force is 
required. This additional force may be re- 
presented by the expression, 

Ja^hR\ * 

"'\~D — r ^^'^ 

in which d depends on the character and size of the rope, 
a on its natural rigidity, hR on the rigidity due to the load, 
and D is the diameter of the wheel. The values of dy a, 
and h have been found by experiment for different kinds 
of rope, and tabulated. 

Atmoipherio Resistanoe. 

100. The atmosphere offers a resistance to bodies moving 
through it, in consequence of the inertia of its particles. 
For the same extent of surface the resistance varies as the 
square of the velocity. For, if the velocity be doubled, twice 
as manj particles will be met with in a given time, and each 
particle will be impinged against by the moving body with 
twice the force ; hence, the resistance will be quadrupled. 
In a similar manner it may be shown that if the velocity 
be tripled, the resistance will be nine times as great, and so 
on. If, therefore, the resistance on a square foot of surface 
be determined for a given velocity, the resistance offered to 
any surface, and for any velocity, may be computed. 

For the detailed methods of taking hurtful resistances 
into account, the reader is referred to more extended 
treatises on practical mechanics. 
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CHAPTER V. 

BECTILIKEAB AND PERIODIC MOXIOIT. 

101. A point is in motion when it continually changes 
its position in space. When the path of the moving point 
is a straight line, the motion is rectilinear; when it is a 
curved line, the motion is curvilinear. When the motion 
is curvilinear, we may regard the path as made up of infi- 
nitely short straight lines ; that is, we may consider it as a 
polygon, whose sides are infinitely smalL If any side of this 
polygon be prolonged in the direction of the motion, it will 
be tangent to the curve. Hence, we say, that a point moves 
in the direction of a tangent to its path. 

Unilbrm Motion. 

102. Uniform motion is that in which the moving point 
describes equal spaces in any equal portions of time. If 
we denote the space passed over in one second by v, and in 
t seconds by «, we have, from the definition, 

. s 

8 = vt; .-. V = — 

t 

From the first of these equations, we see that tlie space 
described in any time is equal to the product of the velocity 
and time; from the second, we see that the velocity is equal 
t-o the space described in any time, divided by that time. 

If the moving point had passed over a space «', at the 
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beginning of the time /, the. relation between the spaces 
and times would be given by the equation, 

s = s''{'Vt (48) 

In this equation, s' is called the initial space. 

h 

Unilbniily Vazied Motion. 

19S. Uniformly varied tnotion, is that in which the 
Velocity increases or diminishes uniformly. In the former 
case, the motion is accelerated, in the latter, retarded. In 
both the moving force is constant. 

To find the relation between the spaces passed over, and 
the velocities generated, in any time, let the acceleration 
due to the moving force, (Art 18), be denoted by/, and the 
velocity generated in t seconds by v. The acceleration is 
the velocity generated in one second, and because the velo- 
city generated is proportional to the time, we have, from 
the definition, 

V z=ft (49) 

Because the velocity increases uniformly, the space de- 
scribed in any time is the same as though the body had 
moved uniformly during that time, with its mean, or average 
velocity. At the beginning of the time t, the velocity is 0, 
at the end of that time it is ft ; hence, the average velocity 
during the time t is ^ft; multiplying this by the time t, 
we have, for the space described, ^ft x t, or, denoting the 
space by s, we have, 

«=>/'(• (50) 

Equations (49) and (50) express the circumstances of 
motion of a body moving from a state of rest, under the 
action of a constant force : from the former we see that 
the velocities areproportiotml to the times, and from the lat- 
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Uar we see that the spaces are proportional to the squares of 
the times. 
K in equation (50) we make t = 1, we find, 

s = {f; or,/—2s; 

I That is, if a body move from rest, under the action of a 
constant force, the acceleration is measured by twice the 
space passed over in the first second. 

It follows, from the principle of inertia, that the velocity 
geiierated in any time is entirely independent of the state 
of the hody at the beginning of that time. If, therefore, 
the body has a velocity v' at the beginning of the time t, 
equation (49) will become 

v=v'-\'ft (51) 

In this equation v' is called the initial velocity. 

If we suppose the body to have passed over a space «', 
called the initial space, before the beginning of t, the final 
space will be made up of three parts ; first, the initial space, 
s'; second, the space due to the initial velocity v', and equal 
to v't; third, the space due to the action of the constant 
force/ during the time t, equal to ^ff. Hence, 

s = s' + v't + iff (52) 

Equations (51), and (52), may be made to conform to any 
case of uniformly varied motion, by giving suitable values 
to s', v\ and/; it is to be observed, that any one of these 
quantities may be either j!??«*« or minus. When/ is essen- 
tially positive the motion is accelerated, when / is essen- 
tially negative the motion is retarded. 

Application to Falling Bodies. 

104. The force of gravity is the force exerted by the 
earth on all bodies exterior to it It is found, by observa- 

6 
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tion, that this force is directed toward the centre of the 
earthy and that its intensity varies inversely, as the square 
of the distance from the centre. 

Because the centre of the earth is so distant from the 
surface, the variation in intensity for small elevations above 
the surfece is inappreciable. Hence, we may regard the 
force of gravity at any place on, or near, the earth's surface, 
as constant ; in which case, the equations of the preceding 
article are applicable. The force of gravity acts equally 
on all the particles of a body, and were there no resistance 
offered, it would impart the same velocity, in the same 
time, to any two bodies whatever. The atmosphere, how- 
ever, offers a resistance, which tends to retard the motion 
of bodies falling through it ; and of two bodies of equal 
mass, it retards that one most, which presents the greatest 
surface to the direction of the motion. In discussing the 
laws of falling bodies, it will be found convenient to re- 
gard them as being in a vacuum, and in this case the 
equations of the preceding article are immediately applica- 
ble. The effects of atmospheric resistance may be taken 
into account, as corrections, or in certain cases the mo- 
tions may be made so slow that their effects may be neg- 
lected. 

If we denote the acceleration due to gravity by g, and 
the space fallen through by A, both being regarded as posi- 
tive downward, we have, from (49) and (50), 

v^gt (53) 

h^^e (54) 

That is, the velocities are proportional to the times, and 
the spaces to the squares of the times. 

The value of g in the latitude of New York is not far 
from 32| feet; making g = 32| feet, and giving to t the 
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values 1*, 2% 3*, Ac, in equations (53) and (54), we have 
the results given in the following 

TABLE. 



TIME ELAPSED. 


VELOCITIES ACQCIKED. 


SPACES DB8CBIBED. 


SeemOt. 


FmI. 


Fut. 


1 


32i 


.16^ 


2 


6^ 


64i 


3 


96^ 


lUi 


4 


128f 


257i 


5 


160| 


m^ 


&c. 


&c. 


&0. 



Solving equation (54) with respect to i, we have, ' ' ' 

t=i^J (55) 

That is, the number of seconds required for a body to fall 
through any height is eqtuil to the square root of the quotient 
obtained by dividing twice the height in feet by 32^. 

Substituting this value of t, in equation (53), we have, 

v = ^r — , or v^z=2gh; 
whence, by solving with respect to v, and A, 



^= V2ghy and A = - (56) 

In these equations, v, is called the velocity due to the 
height A, and A, the height due to the velocity v. 

If the body be projected downward with a velocity v', 

the circumstances of motion will be made known by the 

equations, 

vz=v'+gt, 

h^v't-^ igt\ 
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In these equations, the origin of spaces is at the point 
from which the body is projected downward. 

^ '^^ Motion of Bodies projected vertically upward. 

105. Suppose a body projected vertically upward from 
the origin of spaces, with a velocity v\ and afterward acted 
on by the force of gravity. In this case, the force of grav- 
ity acts to retard the motion. Making, in (51) and (52), 
5' = 0, / = — ^, and s = A, they become, 

v==v' --gt (57) 

h = v't-{gt^ . . . . (58) 

In these equations h is positive upward, and negative 
downward. 

From equation (57), we see that the velocity diminishes 
as the time increases. The velocity is 0, when, 

^ ' v' 

v'-^gt^O, or, when t = —. 

v' 
When ^is greater than — , v is negative, and the body 

retraces its path: hence, the time required for the body to 
reach its highest elevationy is equal to the initial velocity y 
divided by the force of gravity. 
Eliminating t, from (57) and (58), we have, 

*=^ w 

Making v = 0, in the last equation, we have, 

'-% (««) 

Hence, the greatest height to which the body will ascend^ 
is equal to the square of the initial velocity, divided by twice 
the force of gravity. 
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This height is that due to the initial velocity, (Art. 104). 

ike ^ = t\ we fin 

9 

v = gt' (61) 



If, in (57), we make ^ = ^', we find. 



V 

K, in the same equation, we make / = — h ^', we find, 

v^-gt' (62) 

Hence, the velocities at eqtuil tunes before and after reach- 
ing the highest points are eqtiaL 

The difference of signs shows that the body is moving in 
opposite directions at the times considered. 

If we substitute these values of v successively, in (59), 
we find in both cases, 

hence, the points at which the velocities are equal, in 
ascending and descending, are equally distant from the 
highest point ; that is, they are coincident Hence, if a 
body be projected vertically upward, it will ascend to a cer- 
tain pointy and then return upon its path, in such manner, 
that the velocities in ascending and descending are equal at 
the same points. 

t : . - 

Examples. 

1. Through what distance will a body fiill fVom rest in a vacuum, 
in 10 seconds, and through what space will it &11 during the last 
second ? Am. 1608i ^, and 305^ ft 

2. In what time will a body fiall from rest through 1200 feet? 

Am, 8.63 sec. 
8. A body was observed to fall through a height of 100 feet in the 
last second. How long was the body foiling, and through what dis- 
tance did it descend? 
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SOLUTION. 

If we denote the distance by A, and the thne by /, we haye, 
A = i^, and A - 100 = ij<< - If; 
.-. < = 8.6 sec^ and A = 208.44 ft Ans. 

4 A body fiills through 800 feet Through what distance does it 
&11 in the last two seconds? 

The entire time occupied, is 4.8*2 seconds. The distance taJlea 
tliTough in 2.82 sec, is 86.57 ft Hence, the distance required is 
800 ft - 86.57 ft = 218.48 ft Ans. 

5. A body is projected upward, with a velocity of 60 feet To 
what height will it rise ? Ans. 55.9 ft 

6. A body is projected upward, with a velocity of 488 ft In what 
thne will it rise 1610 feet? 

We have, from equation (58), 

1610 = 483<-16,S<'; .-. < = *W±*iW-; 
or, t = 26.2 sec., and < = 8.82 sec 

The smaller value of t gives the time required ; the larger value 
gives the time occupied in rising to its greatest height, and returning 
to the point 1610 feet from the starting point 

7. A body is projected upward, with a velocity of 161 feet, from 
a point 214J feet above the earth. In what time will it reach the 
earth, and with what velocity will it strike? 

. SOLUTION. 

The body will rise 402.9 ft The time of rising will be 5 sec ; the 
time of &lling to the earth will be 6.2 sec Hence, the required time 
is 11.2 sec The required velocity is 199 ft 

8. Suppose a body to have fallen through 50 feet, when a second 
b^ins to fall just 100 feet below it How fiur will the latter body ML 
before it is overtaken by the former ? Ans. 50 feet 



-^/.7>- 



Restrained Tertical Motion. 



h 



10ft We have seen, (Art 18), that the acceleration due 
to a moving force is equal to the moving force divided by the 
mass moved. Hence, in the ease of a body falling freely, 
the moving force varies directly as the mass moved, and 
the acceleration is constant. If, however, we increase the 
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mass moyed, without changing the moving force^ we shall 
correspondingly diminish the acceleration; and in this 
manner we may render it as small as possible. This result 
may be attained by the combination repre- ^^^^ 
sented in the figure. In it, ^ is a fixed pulley, ' ^ 
mounted on a horizontal axis, W and W are 
unequal weights attached to the extremities of 
a flexible cord passing over the pulley. If the a^. 
weight, TT, be greater than TT', the former B^ 

will descend, and draw the latter up. ^' ^* 

In this case, the moving force is the difference of the 
weights, W and W; the mass moved is the sum of the 
masses of TF and TT', together with that of the pulley and 
connecting cord. The different parts of the pulley move 
with different velocities, but the effect of its mass may be 
replaced by that of some other mass at the circumference 
of the pulley. Denoting this mass, together with the mass 
of the cord, by %i", and the masses of W and W by m and 
m!, we have — ^to represent the entire mass moved — the ex- 
pression wi + m'-f w", and for the moving force we shall 
have {m — mf)g; hence, by the rule, the acceleration^ de- 
noted by g', is equal to, 

w — w' 

This force being constant, the motion produced by it is 
uniformly varied, and the circumstances of that motion 
'will be made known by substituting the above expression 
for/, in equation (53) and (54). 

Atwood's Machine. 

107. Atwood's machine is a contrivance to illustrate 
tiie laws of falling bodies. It consists of a vertical post, 
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Fig. 92. 



AB, about 12 feet in height, supporting, at 

its upper extremity, a fixed pulley. A, To 

obviate, as much as possible, the resistance of 

friction, the axle is made to turn on friction 

rollers. A silk string passes over the pulley, 

and at its extremities are fastened two equal 

weights, C and D. In order to impart motion 

to the weights, a small weight, 0, in the form 

of a bar, is laid on C, and by diminishing its 

mass, the acceleration may be rendered as 

small as desirable. The rod, AB, graduated 

to feet and decimals, is provided with gliding 

stages, E and F; the upper one is in the form 

of a ring, which will permit C to pass, but not 

0; the lower one is in the form of a plate, which is 

intended to intercept the weight C, Connected with the 

instrument is a seconds pendulum for measuring time. 

Suppose the weights, C and Z>, each equal to 150 grains, 
the weight of the bar 24 grains, and let a weight of 62 
grains, placed at the circumference of the pulley, produce 
the same resistance* by its inertia as that actually pro- 
duced by the pulley and cord. Then will the fraction 

, 77 become equal to AV> and this, multiplied 

by 32 J^, gives g'=. 2. This value, substituted for g, in (53) 

and (54), gives, 

V = 2^, and h = t*. 

If, in these equations, we make ^ = 1 sec, we have A = 1, 
and v = 2. If we make ^ = 2 sec, we, m like manner, 
have A == 4, and v = 4. If we make ^ = 3 sec, we have 
A = 9, and v = 6, and so on. To verify these results ex- 
perimentally, commencing with the first: — The weight, C, 
is drawn up till it comes opposite the of the graduated 
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scale, and the bar, G, is placed on it The weight thus set 
is held in its place by a spring. The ring, Ey is set at 1 
foot, and the stage, F, at 3 feet from the 0. When the pen- 
dulum reaches one of its extreme limits, the spring is 
pressed back, the weight, CO^ descends, and as the pendu- 
lum completes its vibration, the bar,G^, strikes the ring, and 
is retained. The acceleration then becomes 0, and G moves 
on uniformly, with the velocity acquired, in the first secr 
ond ; and it will be observed that G strikes the second 
stage just as the pendulum completes its second vibration. 
Had F been set at 5 feet from the 0, G would have reached 
it at the end of the third vibration of the pendulum. Had 
it been 7 feet from the 0, it would have reached it at the 
end of the fourth vibration, and so on. 

To verify the next result, we set the ring, E, at four feet 
from the 0, and the stage, Fj at 8 feet from the 0, and pro- 
ceed as before. The ring will intercept the bar at the end 
of the second vibration, and the weight will strike the 
stage at the end of the third vibration, and so on. 

By making the weight of the bar less than 24 grains, the 
acceleration is diminished, and, consequently, the spaces 
and velocities, correspondingly diminished. The results 
may be verified as before. 

Motion of Bodies on Inclined Planes. 
108. If a body be placed on an inclined plane, and 
abandoned to the action of its own weight, it will either 
slide or roll down the plane, provided there be no friction 
between it and the plane. If the body is spherical, it 
will roll, and in this case friction may be disregarded. Let 
the weight of the body be resolved into two components, 
one perpendicular to the plane, and the other parallel to 
it: the plane of these components will be vertical, and 
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also perpendicular to the given plane. The effect of the 
first component will be counteracted by the resistance of 
the plane, whilst the second will act as a constant force, 
urging the body down the plane. The force being con- 
stant, the body will have a uniformly varied motion, and 
equations (53) and (54) will be applicable. The accelera- 
tion may be found by projecting the acceleration due to 
gravity on the inclined plane. 

Let AB represent the inclined plane, and P the centre 
of gravity of a body resting on it. Let PQ represent the 
force of gravity, denoted by g, and 
pa, its component, parallel to AB, 
PS being the normal component. 

Denote PH by g', and the angle 
ABO by a. Then, since PQ is per- ^ ^ 

pendicular to BO, and QR to AB, the 
angle, RQP, is .equal to ABC, or to a. From the right- 
angled triangle, PQRy we have, 

g' = ^^sina. 

But the triangle, A BO, is right-angled, and, if we denote 
its height, AOy by A, and its length, AB, by I, we ^hall 

have sina =y, which, being substituted above, gives, 

/ = ^ (63) 

This value of g' is the acceleration due to the moving 
force. Substituting it for/, in equations (51) and (52), 
we have, 

s^s' + v't+f^f. 
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If the body start from rest at -4, takea as the origin of 
spaces, then will v' = 0, and s' = 0, giving, 



v=^-it 



I 



(64) 



-f^ (65) 

To find the time required for a body to move from the 
top to the bottom of the plane, make « = i, in (65) ; there 
will result, 

(f.fj^O '^g--'- ••• ' = V| w 

Hence, the time varies directly as the length, and inversely 
a^ the square root of the height. 

For planes having the same height, but different lengths, 
the radical factor of the value of t remains constant 
Hence, the times required for a body to move down planes 
having the same height, are to each other as their lengths. 

To determine the velocity with which a body reaches 
the bottom of the plane, substitute for t, in equation (64), 
its value taken from equatioti (66). We have, after re- 
duction, 

v = V2gh. 

But this is the velocity due to the height A, (Art 104). 
Hence, the velocity generated in a body whilst moving 
down an inclined plane, is equal to that generated in falling 
through the height of the plane. 

Examples. 

1. An iDclined plane is 10 feet long and 1 foot high. How long' 
will it take for a body to move from top to bottom, and what veloc- 
ity will it acquire ? 
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SOLUTION. 

We have, from equation (66), 

substituting for 1, 10, and for A, 1, we have, 

t=:2i seconds, nearly. 
From the formula, v = y/2g/i, we have, by making ^ = 1, 
i? = V'64;83 = 8.02ft. 

2. How far will a body descend from rest in 4 seconds, on an in- 
clined plane whose length is 400 feet, and whose height is 300 feet? 

.: ^ 3 V ^^ ^ ' - /'^' ^^ V ^n«. 193 ft 

3. How long will it take a body to descend 100 feet on a plane 
whose length is 150 feet, and whose height is 60 ? Am. 3.9 sec. 

4. There Is a track, 2i miles in length, whose inclination is 1 in 35. 
What velocity will a car attain, in running the length of the road, by 
its own weight, hurtful resistances being neglected ? 

Ans, 155.75 ft., or, 106.2 m. per hour. 

5. A railway train, having a velocity of 45 miles per hour, is de- 
tached from the locomotive on an ascending grade of 1 in 200. How 
fisir, and for what time, will the train continue to ascend the inclined 
plane? 

SOLUTION. 

We find the velocity 66 fL Hence, 66 = V^ ; or, % = 67.7 ft. for 
the vertical height Hence, 67.7 X 200 = 13,540 ft., or, 2.5644 m., 
the distance the train will proceed. We have, 



='\^' 



: 410.3 sec, or, 6 min. 50.3 sec.. 



the time required to come to rest 

6. A body weighing 5 lbs. descends vertically, and draws a weight 
of 6 lbs. up an inclined plane of 45**. How far will the first body 
descend in 10 seconds ? 



SOLUTION. 

The moving force is 6^«. — 6Z&«. x sin 45"; consequently the 

acceleration is, (Art. 106), 

. 6 — 6 sin 45° _ ooio^ 
ff = jj g - 2.213^. 

.-. % = yt-^ = lliy^., nearly. 
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Motion uf a Body down a •uccesaion of Inclined Planes. 

109. If a body start from the top of an inclined plane, 
with an initial velocity, v\ it will reach the bottom with a 
velocity equal to the initial velocity, plus that acquired 
iwhilst on the plane. This velocity, called the terminal 
velocity y will be equal to that which the body would acquire 
in falling through the height due to the initial velocity, 
plus the height of the plane. Hence, if a body start from 
rest at A, and, after having passed -p 
over one plane, ^-5, enter on a second, 
BC, without loss of velocity, it will 
reach the bottom of the second plane 
with the same velocity that it would ^- w. 

have acquired by falling through DC, the sum of the heights 
of the two planes. Were there a succession of inclined 
planes, so arranged that there would be no loss of velocity 
in passing from one to another, it might be shown, by 
similar reasoning, that the terminal velocity would be that 
due to the vertical distance of the terminal point below the 
point of starting. 

By a course of reasoning analogous to that employed in 
discussing the motion of bodies projected vertically up- 
ward, it might be shown that, if a body were projected 
upward, in the direction of the lower plane, with the ter- 
minal velocity, it would ascend along the several planes to 
the top of the highest one, where the velocity would be 0. 
The body would then, under the action of its own weight, 
retrace its path in such manner that the velocity at every 
point in descending would be the same as in ascending, but 
in a contrary direction. The time occupied in passing over 
any part of the path in descending, would be equal to that 
occupied in passing over the same portion in ascending. 
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In the preceding discussion, we have supposed that there 
is no loss of velocity in passing from one plane to another. 
To ascertain under what circumstances this condition will 
be fulfilled, let us take two planes, AB and BC. Prolong 
CB upward, and denote the angle, ABE^ by (p. Denote 
the velocity of the body on reaching By by v\ Let v' be 
resolved into two components, one in the direction of BC^ 
and the other at right angles to it The effect of the latter 
is destroyed by the resistance of the plane, and the former 
is the effective velocity in the direction of the plane, BC. 
From the rule for resolution of velocities, we have, the 
effective component of v* equal to v' cos?). Hence, the loss 
of velocity is r'— v' cos^, or, t;'(l — cos?)). But when (p is 
infinitely small, its cosine is 1, and there is no loss of velo- 
city. Hence, the loss of velocity due to change of direction 
will be 0, when the path is a curved line-- The principle is 
general, and may be enunciated as follows: 

When a body is constrained to describe a curvilinear path, 
there is no loss of velocity due to change of direction of the 
hody*s motion. 

Periodic Motion. 

110. Periodic motion, is a species of variable motion, in 
which the spaces described in certain equal periods, are 
equal. An example of this kind of motion is found in 
curvilinear vibration. Let ^^6' be a vertical curve, sym- 
metrical with respect to DB. Let 
AC \)e horizontal, and denote EB 
by h. If a body were placed at A^ 
and abandoned to the action of its 
own weight, being constrained to 
remain on the curve, it would, in 
accordance with the principles of 
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the last article, move toward B with an accelerated mo- 
tion, and, on arriving at By would possess a velocity due 
to the height A. By virtue of its inertia, it would ascend 
the branch, BOy with retarded motion, and would finally 
reach (7, where its velocity would be 0. The body would 
then be in the same condition that it was at Ay and 
would, consequently, descend to B, and again ascend to 
Ay whence it would again descend, and so on. Were 
there no retarding causes, the motion would continue for- 
ever. From what precedes, it follows that the time occupied 
by the body in passing from A to B \% equal to that in 
passing from B to C, and also the time in passing from G 
to B is equal to that in passing from B to A. Further, 
the velocities of the body when at G and JSy two points on 
the same horizontal, are equal, either one, being that due to 
the height BK. These principles are used in discussing 
the pendulum. 

Angular Velocity, and Angular Acceleration. 

111. When a body revolves about an axis, its points 
being at difierent distances from the axis, will have differ- 
ent velocities* The angular velocity is the velocity of a 
point whose distance from the axis is 1. To obtain the 
velocity of any other point, we multiply its distance from 
the axis by the angular velocity. The force of gravity acts 
uniformly on the different points of a body, and the im- 
pressed acceleration is the same for all the particles. If the 
body is constrained to turn about a horizontal axis, the 
effective acceleration of different particles will depend on 
their distance from the axis. The effective acceleration of 
a point, at a unit's distance from the axis, is called the 
angular acceleration of the body. 
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The Simple Pendulum. 

112. A pendulum is a heavy body suspended from a 
horizontal axis, about which it is free to vibrate. 

To investigate the circumstances of vibration, let us first 
consider the hypothetical case of a material point, vibrat- 
ing about an axis to which it is attached by a rod destitute 
of weight. Such a pendulum is called a simple pendu- 
lum. The laws of vibration in this case will be identical 
with those explained in Art. 110, the arc, ABC, being an 
arc of a circle. 

Let ABC hQ the arc through which vibration takes 
place, and denote its radius, DA, by I. The angle, ADC, 
is called the amplitude of vibration; half of this angle, 
ADB, is called the angle of devia- 
tion. 

If the point start from rest at A, 
it will, on reaching any point, H, 
have a velocity v, due to the height, 
EE, denoted by h, (Art. 104). Hence, 

V = V2p (67) 

Let the angle of deviation be so 
small, that the chords of the arcs, 
AB and HB, may be considered 
equal to the arcs themselves. We 
shall have (Legendre, Bk. IV., Prop. 
XXIII., Cor.), 

JL^ = 2i X EB, and Hff = 2lX KB, 

whence, by subtraction, 

AB^ ^HB^^ '^1{EB - KB) = 2Z x ^. 




Fig. 96. 
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Denoting AB by a, HB by ic, and solving the last equa- 
tion, we have, 

Substituting this value of ^, in (67), it becomes, 



' = VfK- 



^ (68) 



Now let us develop the arc, ABCy into a straight line, 
A'B'G\ and suppose a point to start from A' at the same 
time that the pendulum starts from A^ and to vibrate back 
and forth upon A'B'C with the same velocities as the 
pendulum ; then, when the pendulum is at any point, Hy 
this point will be at a corresponding point, JST, and the 
times of vibration of the two will be the same. 

To find the time of vibration along A'B'Cy describe on 
it a semi-circle, AMC\ and suppose a third point to start 
from A' at the same time as the second, and to move uni- 
formly around the arc with a velocity equal to a|/^ Then 

will the time required for this particle to reach C be equal 
to the space divided by the velocity, (Art 102). Denoting 
this time by ^, and remembering that A*B* = a, we have. 



ajJl 



Make H'B = ic, and draw H*M perpendicular to AC\ 
and at M decompose the velocity of the third particle, MT^ 
into two components, MN and Jf §, parallel and perpen- 
dicular to^'C". 

We have, for the horizontal component, 

MN=^MTqo%TMN (69) 
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But, MT :=ayjy and because MT and JfiVare perpendic- 

ular to B'M and H'M^ we have, cos TMN = cos B'MH' = 

p,^ . But B'M=^ay and iT'if = y'^«n^; hence, 

cos STi/W = ^5- — ^^^^ . Substituting these values in equa- 
tion (69), we have, for the horizontal velocity. 



MN^\/ti^~J), 



which is the same value as that obtained for v, in equation 
(68). Hence, we infer that the horizontal velocity of the 
third point is always equal to that of the second point, 
consequently the times required to pass from A* to C" must 
be equal ; that is, the time of vibration of the second point, 

and consequently of the pendulum, must be iry — . De- 
noting this time by ty we have, 

< = '/^ (70) 

Hence, (he time of vibration of a simple pendulum is 
eqttal to the number 3.1416, multiplied into the square root 
of the quotient obtained by dividing the length of the pen- 
dulum by the force of gravity. 

For a pendulum, whose length is ?, we shall have, 

^' = *'/^ (71) 

Prom equations (70) and (71), we have, by division, 

j, = :^,;or, f : <' :: VT: VT (72) 
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That is, the limes of vibration of simple pendulums, are 
to each other as the square roots of their lengths. 

If we suppose the lengths of two pendulums to be the 
same, but the force of gravity to vary, as it does in different 
latitudes, and at different elevations, we shall have^ 

< = */!, and r = *j/I. 
Whence, by division, 
^,= ^f^', or, ^ : r :: ^^' : V7 . . . (73) 

9 

That is, the times of vibration of the same pendulum, at 
different placesy are to each other inversely as the square 
roots of the forces of gravity at the places. 

If we suppose the times of vibration to be the same, and 
the force of gravity to vary, the lengths will vary also, and 
we shall have, 

/ = *l/I, and ^=.*i/|. 
9 f 

Equating these values, and squaring, we have, 

I T 

— = -iJ or, I : r :: g : g' (74) 

if if 

That is, the lengths of pendulums that vibrate in equal 
times at different places, are to each other as the forces of 
gravity at those places. 

Vibrations of equal duration are called isochronal. 

De PAmbeit's Principle. 

113. When several bodies are rigidly connected, it often 
happens that they are constrained to move in a different 
manner from what they would, if free. Some move faster 
and some slower than they would, were it not for the con- 
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nection. In the former ease there is a gain, and in the 
latter a loss, of moving force, in consequence of the connec- 
tion. It is obvious that the resultant of all the impressed 
forces is equal to that of all the eflfective forces, for if the 
latter were reversed, they would hold the former in equi- 
librium. Hence, all the moving forces lost and gained in 
consequence of the connection are in equilibrium. 
This is de r Amber fs principle. 

The Oompound Pendulum. 

114. A compound pendulum is a body free to vibrate 
about a horizontal axis, called the aayis of suspension. The 
straight line drawn from the centre of gravity of the pen- 
dulum perpendicular to the axis of suspension is called 
the axis of the pendulum. 

In practical applications, the pendulum is so shaped that 
the plane through the axis of suspension and the centre of 
gravity divides it symmetrically. 

Were the particles of the pendulum entirely discon- 
nected, but constrained to remain at invariable distances 
from the axis of suspension, we should have a collection 
of simple pendulums. Those at equal distances from the 
axis would vibrate in equal times, and those unequally dis- 
tant would vibrate in unequal times. The particles nearest 
the axis would vibrate more rapidly than the compound 
pendulum, and those most remote would vibrate slower; 
hence, there must b6 intermediate points that would vibrate 
in the same time as the pendulum. These points lie on the 
surface of a circular cylinder whose axis is that of suspen- 
sion ; the point in which this cylinder cuts the axis of the 
pendulum is called the centre of oscillation. If the entire 
mass of the pendulum were concentrated at this point, the 
time of its vibration would be unchanged. Hence, the 
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centre of oscillation of a pendulum is a point of its axis, at 
which, if the mass of the pendulum were concentrated, its 
time of vibration would be unchanged. A line drawn 
through this point, parallel to the axis of suspension, is 
called the axis of oscillation The distance between the 
axis of oscillation and the axis of suspension is the length 
of an equivalent simple pendulum — that is, of a simple pen- 
dulum, whose time of vibration is the same as that of the 
coinpound pendulum. 

.^^' c 

Angular Acceleration of a Oomponnd Pendnlom. 

115. Let CJT be a compound pendulum, C its axis of 
suspension, G its centre of gravity, and suppose the plane 
of the paper to pass through the centre of gravity, G, and 
perpendicular to the axis, 0. We may regard the pendulum 
as made up of infinitely small filaments, parallel to the 
axis of suspension, and consequently perpendicular to the 
paper. The circumstances of vibration will be unchanged 
if we suppose each element to be concentrated in the point 
where it meets the plane of the paper. Denote the mass 
of any element, as S, by m, its distance from C, by r, and the 
mass of the pendulum by M. 

Through C draw a horizontal line, OB, and draw Sffy 
GAy and OB perpendicular to it. 
On US prolonged, take SE to rep- 
resent the moving force impressed 
on S. Then will SB be equal to mg, 
(Art. 18), and its moment with re- 
spect to will hemg X HC. Denote 
the angular acceleratimi by odJ then 
will the actual acceleration of S, 
in the direction perpendicular to 
SCy be equal to roo, and the effective 
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moving force to mrto j because this force acts at right angles 
to SCy its moment is equal to mr*oo. Because mg is the 
moving force impressed on S, and 7nra) the effective moving 
force, the expression, mg — mroo, will be the moving force 
lost or gained by S in consequence of its connection with 
the other particles. There will be a loss when mg is greater 
than mrooy and a gain when mg is less than mroi). The 
moment of this force with respect to (7 is equal to 
mg X CH — mr'<». Similar expressions may be found for 
each of the elementary particles of the pendulum. 

By de I'Ambert's principle, the moving forces lost and 
gained, in consequence of the connection of the parts, are 
in equilibrium ; hence, the algebraic sum of their moments 
with respect to an axis, (7, is equal to — ^that is, 

2:{mg X OH) - limr'm) = 0. 

But 00 and g are the same for each particle ; hence, 

^(m X CH) 
"= l\mf-) ^' 

From the principle of moments, we have, 

limX CH) = MxCA. 
Substituting above, we have, finally, 

MxOA ,_. 

That is, the angular acceleration varies as, CA, the lever 
arm of the weight of the pendulum. 

The expression I{mr^) is called the momsnt of inertia of 
the body with respect to the axis of suspension, Mg is the 
weight of the body, and Mg X GA is the moment of the 
weight, with respect to the same axis. 

Hence, the angular acceleration is equxd to the moment 
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of the weighty divided by the moment of ifiertiay both vrith 
respect to the axis of suspension. 

Length of an Equivalent Simple Pendnlum. 

116. To find the length of a simple pendulum that will 
Tibrate in the same time as the given compound pendulum, 
let be the centre of oscillation, and draw OB pei'pen- 
dicular to CB. Denote CO by Z, and CG by k. Were .the 
entire mass concentrated at 0, we should have, for its 
moment of inertia^ MP, for the moment of the mass, 
M X GBj and for the angular acceleration, 

MxCB 

But the pendulum is to vibrate in the same time, whether 
it exist as a compound pendulum, or as a simple pendulum, 
its mass being concentrated at its centre of oscillation ; the 
value of w must, therefore, be the same in both cases. 
Placing the value just deduced equal to that in equation 
(75), we have, 

MxCB _ MXCA 
Mr ^~ J(mr') ^' 

whence, by reduction, 

Oft 

if? = r(mr')X^. 
From the similar triangles, OGA and COB, we have, 

£K-L 
CA ~ k' 

Substitating, and reducing, we have. 



Mk 



i 
(76) 
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Reciprocity of Axes of Suspension and Oscillation. 

117. Let C be the axis of suspension, the centre of 
oscillation, and let a line be drawn through parallel to 
the axis of suspension. This line is 
called the axis of oscillation. Let 
the plane of the paper be taken as 
before, and suppose the elements 
projected on it, as in the last article. 

Let S be any element, and denote 
its distance from the axis of suspen- 
sion by r, and from the axis of os- 
cillation by t; denote OC hj I, and 
the angle OS by (p. 

If the axis of oscillation be taken as an axis of suspen- 
sion, and the length of the corresponding simple pendulum 
denoted by I', we have, from the preceding article, 




Pig. oa 






(77) 



In the triangle, OSC, we have, 

f = r^ + /* — 2Wcos(p ; , -. ' 

hence, 

2:{mt*) = S{mr^) + S{mP) — 2i:(mrcos(p)t 

But, from equation (76), we have, 

S{mr*) = Mkl; 

and because I is invariable, we have, 

I{mr) = I{m)P = MP; 

if we suppose CO horizontal, rcos(p, the projection of r 
on CO, will be the lever arm of m, and the expression, 
2'(mrcos<p), will be the algebraic sum of the moments of 
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the elementary masses with respect to C; hence, we shall 

have, 

J(mrcos<p)Z = l£hl 

Substituting for these expressions their values above, and 
putting the value of S{pif)y thus found, in (77), we have, 

M{l-Jc) " M{l^kY 
or. 

Hence, {he axes of suspension and oscillation are con" 
vertible ; that is, if either be taken as an axis of suspension, 
the other wiU he the axis of oscillation. 

This property of the compound pendulum is employed 
to determine the length of the seconds' pendulum, and the 
value of the force of gravity at different places on the sur- 
face of the earth. 

A straight bar of iron, CD, is provided with knife-edge 
axes, A and B, of hardened steel, at right angles to the axis 
of the bar, and having their edges turned toward c 
each other. These axes are so placed that their 
plane will pass through the axis of the bar. The 
pendulum thus constructed is suspended on hori- 
zontal plates of polished agate, and allowed to 
vibrateabout each axis in turn till, by filing away 
one end of the bar, the times of vibration about the 
axes are madiB equal. The distance, AB, is then 
the length of a simple pendulum that will vibrate *^k. ». 
in the same time as the bar, about either axis. The adjust- 
ment may also be made by using a sliding piece, that can 
be made fast to the bar, by a clamp-screw. 

To employ the pendulum thus adjusted to find the length 
of a seconds' pendulum at any place, the pendulum is sus- 
pended, and allowed to vibrate through a small angle, the 
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number of vibrations counted, and the time noted by a 
chronometer. The time divided by the number of vibra- 
tions, gives the time of a single vibration. The distance 
between the axes, measured by a scale of equal parts, gives 
the length of the corresponding simple pendulum. To find 
the length of the simple seconds' pendulum, we make use 
of proportion (72), substituting in it for t and /' the values 
just found, and for /, 1 second > the remaining quantity 2, 
may be found by solving the proportion. This value is the 
length of the seconds' pendultmi at the place where the 
observation is made. In making the observations, a variety 
of precautions must be taken, and several corrections ap- 
plied, the explanation of which does not fall within the 
scope of this treatise. By a series of carefully conducted 
experiments, it was found that the length of a seconds' 
pendulum in the Tower of London is 3.2616 ft., or 39.13921 
in. By a similar course of proceeding, the length of the 
seconds' pendulum has been determined for a great number 
of places on the earth's surface, at different latitudes, and 
from these the corresponding values of the force of gravity 
at those points have been determined, according to the fol- 
lowing principle : 

From the equation, t = *Y -y we find, by solving with 

if 

respect to ^, and making ^ = 1, 

From this equation the value of g may be found at 
different places, by substituting for / the length of the 
seconds' pendulum at those places. By comparing the 
values of ^, it is found that they are everywhere the same 
on the same parallel of latitude, and that they vary in pass- 
ing from latitude to latitude. 
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The following formula for determining the value of ^, at 
different places, is given by Prof. Airy. In it G represents 
the value of gravity at the equator, g its value in any lati- 
tude, I, 

g= G{1 + .005133 sin*/) (78) 

The value of G is 32.088 ft. ; this gives for gravity at the 
pole, 32.2527 ft. 

Practical Application of the Pendalnm. 

118. One of the most important uses of the pendulum is 
to regulate the motion of clocks. A clock consists of a 
train of wheelwork, the last wheel of the train connecting 
with a pendulum-rod by a piece of mechanism called, an 
escapement. The wheelwork is kept in motion by a descend- 
ing weight, or by the elastic force of a spring, and the wheels 
are so arranged that one tooth of the last wheel in the train 
escapes from the pendulum-rod at each vibration of the 
pendulum, or at each beat The number of beats is ren- 
dered visible on a dial-plate by indices, called hands. 

On account of expansion and contraction, the length of 
the pendulum is liable to variation, which gives rise to 
irregularity in the times of vibration. To obviate this, and 
to render the times of vibration uniform, several devices 
have been resorted to, giving rise to what are called corn- 
pensating pendulums. We shall indicate two of the most 
important of these, observing that the remaining ones are 
nearly the same in principle, differing only in mode of 
application. 

Oraham*8 Mercurial Pendalnm. 

119. Graham's mercurial pendulum consists of a rod of 
steel about 42 inches long, branched toward its lower end, 
to embrace a cylindrical glass vessel 7 or 8 inches deep. 
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and having between 6 and 7 inches of this depth filled with 
mercury. The exact quantity of mercury, being dependent 
on the weight and expansibility of the other parts of 
the pendulum, may be determined by experiment in each 
case. When the temperature increases, the steel rod is 
lengthened, and, at the same time, the mercury rises in the 
cylinder. When the temperature decreases, the steel bar 
is shortened, and the mercury falls in the cylinder. By a 
proper adjustment of the quantity of mercury, the effect 
of the lengthening, or shortening of the rod is exactly 
counterbalanced by the rising or falling of the centre of 
gravity of the mercury, and the axis of oscillation is kept 
at an invariable distance from the axis of suspension. 




Haniion'i Qridiron Pendulum. 

120. Harrison's gridiron pendulum consists of five rods 
of steel and four of brass, placed alternately with each 
other, the middle rod, or that from which the 
loh is suspended, being of steel. These rods are 
connected by cross-pieces in such a manner that, 
whilst the expansion of the steel rods tends to 
elongate the pendulum, or lower the bob, the 
expansion of the brass rods tends to shorten the 
pendulum, or raise the bob. By duly propor- 
tioning the sizes and lengths of the bars, the 
axis of oscillation may be maintained at an in- 
variable distance from the axis of suspension. 
Prom what has preceded, it follows that when- Pig. loo. 
ever the distance from the axis of oscillation to the axis of 
suspension remains invariable, the times of vibration must 
be absolutely equal at the same place. The pendulums 
just described are principally used for astronomical clocks, 



^ 
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where great accuracy and uniformity in the measure of 
time are indispensable. 

Basis of a S3r8tem of Weights and Measures. 

121. The pendulum is of further importance, in a prac- 
tical point of view, in furnishing the standard that has 
been made the basis of the English system of weights and 
measures. 

It was enacted by Parliament, in 1824; that the distance 
between the centres of two gold studs in a certain described 
brass bar, the bar being at a temperature of 62° F., should 
be an "imperial standard yard." To be able to restore it 
in case of its destruction, it was enacted that the yard 
should be considered as bearing to the length of the seconds' 
pendulum in the latitude of London, in vacuum, and at 
the level of the sea, the ratio of 36 to 39.1393. From the 
yard, every other unit of linear measure may be derived, 
and thence all measures of area and volume. 

It was also enacted that a certain described brass weight, 
made in 1758, and called 2 lbs. Troy, should be regarded 
as authentic, and that a weight equal to one-half that 
should be "the imperial standard Troy pound." The 
jTjij^th part of the Troy pound was called a grain, of 
which 7000 constituted a pound avoirdupois. To provide 
for the contingency of a loss of the standard, it was con- 
nected with the system of measures, by enacting, that if 
lost, it should be restored by allowing 252.724 grains for 
the weight of a cubic inch of distilled water, at 62° F., the 
water being weighed in vacuum and by brass weights. 
From the grain thus established, all other units of weight 
may be derived. 

Our own system of weights and measures is the same as 
the English. 
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Examples. 

1. The length of a seconds' pendulum is 39.13921 in. If it be 
shortened 0.180464 in., how many vibrations will be gained in a day 
of 24 hours? 

SOLUTION. 

The times of vibration of pendulums at the same place, are as the 
square roots of their lengths. Hence, the number of vibrations in 
any given time, are inversely as the square roots of their lengths. 
If, therefore, we denote the number of vibrations gained in 24 hours, 
or 86400 seconds, by.«, we have, 

86400 : 86400 + « : :\/89.008747 : v^39.13921. 
Whence, x = 144, nearly. Ana, 

2. A seconds* pendulum on being carried to the top of a mountain, 
was observed to lose 5 vibrations per day of 86400 seconds. Re- 
quired the height of the mountain, reckoning the radius of the earth 
at 4000 miles. 

SOLXmON. 

The squares of the times of vibration, at two points, are inversely 
as the forces of gravity at those points. But the forces of gravity at 
the points are inversely as the squares of their distances from the 
centre of the earth. Hence, the times of vibration are proportional 
to the distances of the points from the centre of the earth ; and, con- 
sequently, the number of vibrations in any given time, as 24 hours, 
for example, will be inversely as those distances. If, therefore, we 
denote the height of the mountain in miles by x, we have, 
86400 : 86405 : : 4000 : 4000 -f x. 

Whence, x = IH^ = 0.2315 miles, or, 1222 feet. Ans. 

3. What is the time of vibration of a pendulum whose length is 60 
inches, when the force of gravity is 32^ ft. ? Ans. 1.2387 sec 

4. How many vibrations will a pendulum 36 inches in length make 
in one minute, the force of gravity being the same as before ? 

Ans. 62.53. 

5. A pendulum makes 43170 vibrations in 12 hours. How much 
must it be shortened that it may beat seconds? 

SOLUTION. 

We shall have, as in example 1st, 



43170 : 43200 : .V39.13921 : \/39.13921 + «. 
Whence, x = 0.0544 in. Ans, 
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6. In a certain latitude, the length of a pendulum vibrating seconds 
is 39 inches. What is the length of a pendulum vibrating seconds, 
in the same latitude, at the height of 21000 feet above the first sta- 
tion, the radius of the earth bemg 3960 miles? Am. 38.9218 in. 

7. If a pendulum make 40000 vibrations in 6 hours, at tlic level of 
the sea, how many vibrations will it make in the same time, at an 
elevation of 10560 feet, the radius of the earth being 8960 miles ? 

An8, 89979.8. 

Centre of Percussion. 

122. The centre of percussion of a suspended body, is 
the point at which an impulse may be applied, perpen- 
dicular to the plane through it and the axis, without shock 
to the axis. This point is identical with the centre of oscil- 
lation. For, suppose, whilst the body is vibrating about 
the axis, an impulse to be applied at the centre of oscilla- 
tion, capable of generating a quantity of motion equal and 
directly opposed to the resultant of the quantities of motion 
of all the particles ; the direction of this impulse will be 
opposite to the motion of the centre of oscillation, that 
is, perpendicular to the plane through it and the axis, and 
it is obvious, from the property of the centre of oscillation, 
that it will bring the body to rest without shock to the 
axis. Were the same impulse applied to the body, at rest, 
it would generate a quantity of motion equal to that de- 
stroyed, but in a contrary direction, and without shock on 
the axis. The direction of the impulse remaining the same, 
no matter what may be its intensity, there will be no shock. 
^It is a matter of common observation, that if a rod held 
in the hand be struck at a certain point, the hand will not 
feel the blow, but if struck at any other point, a shock will 
be felt, the intensity of which depends on the intensity of 
ike blow, and on its point of application. 
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Moment of Itiertia. 
128. The moment of inertia of a body with respect to 
an axis, is the algebraic sum of the products obtained by 
multiplying the mass of each elementary particle by the 
square of its distance from the axis. Denoting the moment 
of inertia with respect to any axis, by K, the mass of an j 
element of the body, by m, and its distance from the axie^ 
by r, we have, from the definition, 

K = Simr") (79) 

The moment of inertia varies, in the same body, accord- 
ing to the position of the axis. To investigate the law 
of variation, let AB represent a section of 
the body by a plane perpendicular to the 
axis ; (7, the point in which this plane cuts 
the axis; and 0, the point in which it 



CH-Q 



B 



cuts a parallel axis through the centre of Pig. lot 
gravity. Let P be any element of the 
body, whose mass is m, and denote PC hj r, PG hj s, 
and CG by k. 

From the triangle CPG, according to a principle of trig- 
onometry, we have, 

r* = 5* + *' - 28kco8CGP. 
Substituting, in (79), and separating the terms, we have, 
Z = S{ms') + l\mk') - 2i:{mskco8CGP). 

Or, since k is constant, and S{m) = M, the mass of the 
body, we have, 

K = Sims') + Mk' - 2kS{msco80GP). 

But 8C08 CGP = GHy the lever arm of the mass m, with 
respect to the axis through the centre of gravity. Hence, 
S{msco8CGP)j is the algebraic sum of the moments of all 
the particles of the body with respect to the axis through 
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the centre of gravity; but from the principle of moments, 
this is 0. Hence, 

K:=I{ms*) + Mk' (80) 

The first term of the second member is the moment 
of inertia, with respect to the axis through the centre of 
gravity. 

Hence, the moment of inertia of a body with respect to 
any axis, is equal to the moment of inertia with respect to 
a parallel axis through the centre of gravity , plus the mass 
of the body into the square of the distance bettaeen the two 
axes. 

The moment of inertia is least possible when the axis 
passes through the centre of gravity. If any number of 
parallel axes be taken at equal distances from the centre 
of gravity, the moment of inertia with respect to each, will 
be the same. 

The moment of inertia with respect to any axis, may be 
determined experimentally as follows. Make the axis 
horizontal, and allow the body to vibrate about it, as a com- 
pound pendulum. Find the time of a single vibration, and 
denote it by t. This value of t, in equation (70), makes 
known the value of /. Determine the centre of gravity, 
and denote its distance from the axis, by h. Find the 
mass of the body, and denote by M. 

We have, from equation (76), 

Mkl = limr') = K. 

Substitute for M, /, and hy the values already found, and 
the value of K will be the moment of inertia, with respect 
to the assumed axis. Subtract from this the value of Jfifc*, 
and the remainder will be the moment of inertia with 
respect to a parallel axis through the centre of gravity. 
The moment of inertia of a homogeneous body of 
7* 
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regular figure, is most readily found by means of the cal- 
culus. 

The results thus determined, in a few of the more com- 
mon cases of practical mechanics, are appended. 

1. The moment of inertia of a rod, or bar, of uniform 
^thickness, with respect to an axis perpendicular to the 
length of the rod, is given by the formula. 



'=^(j + d') (81) 



in which, JTis the moment of inertia, M the mass of the 
rod^ 21 its lengthy and d the distance of the centre of 
gravity from the axis. 

2. The moment of inertia of a thin .circular plate about 
a line in its own plane, is given by the formula, 



= M{^ + d') (82) 



in which, JST, M^ and d, are the same as before, and r is the 
radius of the circular plate. 

3. The moment of inertia of a circular plate, with refer- 
ence to an axis perpendicular to its plane, is given by the 
formula, 



'=J/(^+d') (83) 



in which, the quantities are the same as before. 

4. The moment of inertia of a circular ring, with refer- 
ence to an axis perpendicular to its plane, is given by the 
formula, 

ir=if('l+z:+rf.J (84) 

in which, r and r' are the exterior and interior radii of the 
ring. 
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5. The moment of inertia of a right cylinder with re- 
spect to an axis perpendicular to the axis of the cylinder, 
is given by the formula, 

A'=J/Cj + ^+rf') (86) 

in which, r is the radius of tlie base, and 21 the length of 
the cylinder. 

By making d = o in any of the above formulas, we find 
the corresponding moment of inertia for a parallel axis 
through the centre of gravity. 

Centre and Radios of Q3rration. 

124. The cetUre of gyration with respect to an axis, is a 
point at which, if the entire mass of a body be concen- 
trated, its moment of inertia will remain unchanged. The 
distance of this point from the axis is tlie radius of gyra- 
tion. 

Let Jf denote the mass of a body, and k' its radius of 
gyration; then will the moment of inertia of the concen- 
trated mass with respect to the axis, be equal toMk'^ ; but 
this must, by definition, be equal to the moment of inertia 
with respect to the same axis, or ^(wr*) ; hence. 



Jffe'« = 2:(wr*); or, k' = \/^^^!^ (86) 

That is, the radius of gyration is eqticUto the square root 
of the quotient obtained by dividing the mmnent of imrtia 
by the mass. 

Since M is constant for the same body, the radius of 
gyration will be least possible when the moment of inertia 
is least possible, that is, when the axis passes through the 
centre of gravity. This minimum radius is called the 
principal radius of gyration. If we denote the principal 
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radius of gyration by i, we shall have, from the examples 
of article (123), the following results: 



Example 1. . .*' = |/J+^; Jc = lV\. 



3 



Example 2...k' = |/^' + d"; k=^. 

4 2 



Example S... k' =: y ^ + ef ; k = rVi. 

2 



Example 4 . . . *' = fTL+Z^tT^; ^ = V''^-^ 



Example 5. . .^'= j/j +-|- +ef ; ^ = 1^^ + -^. 

To find the relation between the length of an equivalent 
simple pendulum and the principal radius of gyration of a 
suspended body, let us replace the expression S{m7^)y in 
equation (76), by its value MJc'* and reduce. We find, 

that is, the centre of gravity, the centre of oscillation, and 
the centre of gyration, are on a common perpendicular to 
the axis of suspension, and so situated that the distance of 
the last from an axis is a mean proportional between the 
distances of the other two from the same axis. 
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CURVILINEAR AND ROTARY MOTION. 

Motion of PrqJectilM. 

12& If a body be projected obliquely upward in a 
vacuum, and then abandoned to the force of gravity, it 
will be continually deflected from a rectilinear path, and, 
after describing a curvilinear trajectory, will finally reach 
the horizontal plane from which it started. 

The starting-point is the point of projection ; the dis- 
tance from the point of projection to the point at which 
the projectile again reaches the same horizontal plane is 
the ran^By and the time occupied is the time of flight The 
only forces to be considered, are 
the initial impulse and the force 
of gravity. Hence, the trajec- 
tory will lie in a vertical plane 
through the direction of the 
initial impulse. Let CAB be 
this plane, A the point of pro- 
jection, AB the range, and AC 9, vertical through A. 
Take AB and AC ^a co-ordinate axes ; denote the angle 
of projection, DAB, by a, and the velocity due to the 
initial impulse by v. Eesolve v into two components, 
one in the direction A C, and the other in the direction 
AB. We have, for the former, v sina, and, for the latter, 
V cosa. 

.The velocities, and. consequently, the spaces described 




Fig.l(tt. 
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in the direction of the co-ordinate axes, will (Art 12) be 
entirely independent of each other. Denote the space 
described in the direction A C, in any time /, by y. The 
circumstances of motion in this direction, are those of a 
body projected vertically upward with an initial' velocity, 
V sina, and then continually acted on by the force of gravity. 
Hence, equation (58) is applicable. Making, in that equa- 
tion, A = y, and v' = rsina, we have, 

y = v sina t — ^gP (87) 

Denote the space described in the direction of the axis, 
AB, in the time /, by z. The only force acting in this 
direction is the component of the initial impulse. Hence, 
the motion will be uniform, and the first equation of Art 
102, is applicable. Making 8 = x, and v — v cosa, we have, 

x = v cosa t (88) 

If we suppose ^ to be the same in equations (87) and (88), 
they will be simultaneous, and, taken together, will make 
known the position of the projectile at any instant. 

From (88), we have, 



which, substituted in (87), gives, 

^ cosa 2t;'cos'a ^ ' 

an equation which is independent *of /. It, therefore, 
expresses the relation between x and y for any value of /, 
and is, consequently, the equation of the trajectory. But, 
equation (89) is the equation of a parabola whose axis is 
vertical. Hence, the trajectory is a parabola. 

To find the range, make y = 0, in (89), and deduce the 
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corresponding value of aj. Placing the value of y equal to 0, 
we have, 

Bina^ ga^ ^^, 

COSa 2v*C08'a ' 

, 2t;*8inaco8a 

.•. a; = 0, and x = . 

9 

The first value of x corresponds to the point of projec- 
tion, and the second is the value of the rangey AB, 
From trigonometry, we have, 

2sina cosa = sin2a. 

If we denote the height due to the initial velocity, by A, 
we have, 

v* = 2^^ 

Substituting these in the second value of x, and denoting 
the range by r, we have, 

r = 2A sin2a (90) 

The greatest value of r will correspond to a = 45°, in 
which case, 2a = 90°, and sin 2a = 1. Hence, we have, 
for the greatest range, 

r = 27i. 

That is, it is equal to twice the height due to the initial 
velocity. 

If, in (90), we replace a by 90° — a, we have, 

r = %h sin(180° — 2a) = 2A sin2a, 

the same value as before. Hence, there are two angles of 
projection, complements of each other, that give the same 
range. The trajectories in the two cases are not the same, 
as may be shown by substituting the values of a, and 
90° — a, in equation (89). The greater angle of projection 
gives a higher elevation, and, consequently, the projectile 
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descends more vertically. It is for this reason that the 
gunner selects the greater of the two, when he desires to 
crash an object, and the less when he desires to batter, or 
overturn the object If a = 90°, the value of r is 0. 
That is, if a body be projected vertically upward, it will 
return to the point of projection. 

To find Hie time of flighty make a; = r, in (88), and 
deduce the corresponding value of t This gives, 

^ = — ^ (91) 

V COSa "^ ' 

The range remaining the same, the time of flight will be 
greatest when a is greatest Equation (88) also gives the 
time required for the body to describe any distance in the 
direction of the horizontal line, AB. 

In equation (91) there are four quantities, ty r, v, and ot, 
and from it, if any three are given, the remaining one may 
be determined. 

As an application of the principles just deduced, let it 
be required to determine the angle of projection, that the 
projectile may strike a point, H, 
at a horizontal distance, AO ^x' 
from the point of projection, and 
at a height, OH=i ffy above it 

Since H lies on the trajectory, 
its co-ordinates must satisfy the 
equation of the curve, giving, ^- ^^ 

y' = a/ tana — jr-^ — r-. 
^ 2ircos*a 

From trigonometry, we have, 

1 1 



COS'tt = 



sec'a 1 + tanV 
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Substituting this in the preceding equation, we have, 
after clearing of fractions, 

2vy = 2t;'a;'tana - ga/\l + tan'a) ; 
or, transposing and reducing, 

tan'a ytana = ^ ,,^ — . 

gx gx 

Hence, 



or, making v* = ^h, 

, _^h../W ihy' + oT 2k±V U'-Uy'-x'' 

tana — — - az v — —. -— = ;- ■ « 

z rr" x'* x' 

This shows that there are two angles of projection, under 
either of which, the point may be struck. 
If we suppose 

x'^ = W'-^y' (92) 

the quantity under the radical sign will be 0, and the two 
angles of projection will become one. 

If x' and y be regarded as variables, equation (92) rep- 
resents a parabola whose axis is a vertical, through the 
point of projection. Its vertex is at a distance, A, above 
the point. A, its focus is at A, and its parameter is 4A, or 
twice the range. 

If we suppose 

a;" < 4^» - 4Ay', 

the point {x\ y'), will lie within the parabola jiist described, 
the quantity under the radical sign will be positive, and 
there will be two real values of tana, and, consequently, 
two angles of projection, under either of which the p ■ ' 
maybe struck. 
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If we suppose 

the point {x\ y'), will be without this parabola, the values 
of tana will both be imaginary, and there will be no angle 
under which the point can be struck. 




Let the parabola B'LB represent the curve whose equa- 
tion is 

x'^ = 4A' - ihy\ 

Conceive it to be revolved about AL, as an axis, gener- 
ating a paraboloid of revolution. Then, from what pre- 
cedes, we conclude,/r«/, that everj point within the surface 
may be reached from Ay under two different angles of pro- 
jection ; secondly y that every point on the sur&ce can be 
reached, but only by a single angle of projection ; third- 
lyy that no point without the surface can be reached 
at all. 

If a body be projected horizontally from an elevated 
point, Ay its trajectory will be made known by equation 
(89), simply making a = ; whence, 
sina = 0, and cosa = 1. Substituting and 
reducing, we have, 






(93) 




1^.104. 



For every value of ar, y is negative, 
which shows that the trajectory lies below the horizontal 
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through the point of projection. If we suppose ordinates 
to be positive downward, we have, 

y=€' («*) 

To find the point at which the trajectory will reach any 
horizontal plane, BOy whose distance below A is h'y make 
y = h', in (94), whence, 



x = BC = vi/^^^' 



. . . (95) 
ff 

On account of the resistance of the air, the results of 
the preceding discussion must be greatly modified. They 
approach more nearly to the observed phenomena, as the 
velocity is diminished and the density of the projectile 
increased. The atmospheric resistance increases as the 
square of the velocity, and as the cross section of the pro- 
jectile exposed to the action of the resistance. In the air, 
it is found, under ordinary circumstances, that the maxi- 
mum range is obtained by an angle of projection, not far 
from 34°. 

Examples. 

1. What is the time of flight of a projectile in vacuum, when the 
angle of projection is 45*^, and the range 6000 feet? 

SOLUTION. 

When the angle of projection is 45'', the range is equal to twice the 
height due to the velocity of projection. Denoting this velocity by 
«, we have, 

«« = 2gh=z2 X 32i X 3000 = 193000. 
Whence, 

tj = 489.3 ft. 

From equation (91), we have, 

f 6000 -*v *> A 

/ = =7^ir5 T=o =1^.8 sec. Ans. 

vcosa 439.3 C0845*' 



Digitized by VjOOQ IC 



1G4 MECHANICS. 

2. What is the range of a projectile, when the angle of projection 
is 30% and the initial velocity 200 feet ? Am, 1076.9 ft 

3. The angle of projection under which a shell is thrown is 32"*, 
and the range 3250 ieet What is the time of flight? 

AriB. 11.25 sec, nearly. 

Oentrlpetal and Oentrifugal ForoeB. 

126. Curvilinear motion can only result from the action 
of an incessant force, whose direction differs from that of 
the original impulse. This force may arise from one or 
more active forces, or it may result from the resistance 
offered by a rigid body, as when a ball is compeUed to run 
in a groove. Whatever may be the nature of the forces, 
we can always conceive them to be replaced by a single 
incessant force acting transversely to the path of the body. 
Let this force be resolved into two components, one normal 
to the path of the body, and the other tangential to it. The 
latter force may act to accelerate, or to retard the motion 
of the body, according to the direction of the resultant 
force; the former alone is effective in changing the direc- 
tion of motion. The normal component is always directed 
toward the concave side of the curve, and is called the 
centripetal force. The body resists this force, by virtue of 
its inertia, and, from the law of inertia, this resistance 
must be equal and directly opposed to the centripetal force. 
This resistance is called the centrifugal force. Hence, we 
may define centrifugal force to be the resistance a body 
offers to a force that tends to deflect it from a rectilineal 
path. The centripetal and centrifugal forces together, are 
called central forces. 

Measure of the Oentrifugal Force. 

127. To deduce an expression for the measure of the 
centrifugal force, let us first consider the case of a material 
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point, constraiiied to move in a circular path, by a force 
constantly directed toward the centre, as when a body is 
confined by a string and whirled around a fixed point. In 
this case, the tangential component of the deflecting force 
is ; there is no loss of velocity in consequence of a 
change of direction in the motion, (Art. 109) ; hence, the 
motion of the point is uniform. 

Let ABD be the path of the body, and V its centre. 
Suppose the circumference of the circle to be a regular 
polygon, having an infinite number of 
sides, of which AB \q one; and denote 
each side by 8. When the body reaches 
A, it tends, by virtue of its inertia, to 
move in the direction of the tangent, 
A T; but, in consequence of the action 
of the centripetal force directed to- 
ward F, it is constrained to describe 
the side % in the time U If we draw 
5C parallel to -dtr, it will be perpendicular to the diameter 
AD^ and AC will represent the space through which the 
^body has been drawn from the tangent, in the time t If 
we denote the acceleration due to the centripetal force by 
/, and suppose it to be constant during the time /, we 
have, from Art. 103, 




AC^\ff 



(96) 



Prom the right-angled triangle, ABDy we have, since 
AB=^8, 

«• = ACX AD; or, s^ = AC X 2r. 

Whence, 

AC^f-. 
2r 



1^ 
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' J.-fc^ 



ii^ 




3 i» £ 



azf?i^- 



- »j -^ 






-it 
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2%e entire cenirifugcU force is equal to the acceleration^ 
muUiplied by the mass of the body. 

In the case of a body whirled aronnd a centre, and re- 
sirained by a string, the tension of the string is measured 
by the centrifugal force. The radius remaining constant, 
the tension increases as the sqnare of the velocity. 

Oentrifagal Force at pointi of the Barth'i 8iix£M>e. 

128. Let it be required to determine the centrifugal 
force at different points of the earth^s surface, due to rota- 
tion on its axis. 

Suppose the earth spherical. Let ^ be a point on the 
surface, PQP' a meridian section through A, PP' the axis, 
RQ the equator, and ^^, per- 
pendicular to PP% the radius 
of the parallel of latitude 
through j4. Denote the radius 
of the earth by r*, the radius 
of the parallel through A by 
r', and the latitude of A^ or 
the angle ACQ, by I. The 
time of revolution being the 
same for every point on the 
earth's surface, the velocities of ^ and ^ will be to each 
other as their distances from the axis. Denoting these velo- 
cities by t; and v', we have. 




whence. 



, vr 
V = — . 
r 



But from the right-angled triangle, CAB, since the 
M^gleat^i8equalto/,wehave, 



r^ ^ r cos/. 
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Substituting this value of ^C, in (96), and solving with 
respect to/, 

But 3- = v" (Art 102), in which v is the velocity of the 

moving point Substituting in the preceding equation, 
we have, 

/=V (97) 

Here/ is the acceleration due to the centripetal force, 
but this is equal to the centrifugal force, hence, the accel- 
eration due to the centrifugal force, is equal to the square 
of the velocity y divided by the radium of the circle. 

If the mass of the body be denoted by if, and the entire 
centrifugal force by F, we have, (Art 18), 

F=^ (98) 

K we suppose the body moving on any curve, we may, 
whilst it is passing over any two consecutive elements, re- 
gard it as moving on the arc of the osculatory circle to the 
curve; and, further, we may regard the velocity as uniform 
during the infinitely small time required to describe these 
elements. The direction of the centrifugal force being 
normal to the curve, must pass through the centre of the 
osculatory circle. Hence, all the circumstances of motion 
are the same as before, and equations (97) and (98) will be 
applicable, provided r be taken as the radius of the curva- 
ture. Hence, we may enunciate the law of centrifugal 
force as follows : 

The acceleration due to the centrifugal force is equal to 
the square of the velocity of the body divided by the radius 
of curvature. 
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2%^ entire centrifugal force is equal to the acceleration^ 
miMiplied by the mass of the body. 

In the case of a body whirled around a centre^ and re- 
strained by a string, the tension of the string is measured 
by the centrifugal force. The radius remaining constant, 
the tension increases as the sqnare of the velocity. 

Oentiiiiigal Force at points of the Barth*i 8iix£M>e. 

1J8. Let it be required to determine the centrifugal 
force at different points of the earth^s surface, due to rota- 
tion on its axis. 

Suppose the earth spherical. Let ^ be a point on the 
surface, PQP' a meridian section through A, PP' the axis, 
RQ the equator, and ^5, per- 
pendicular to PP\ the radius 
of the parallel of latitude 
through A, Denote the radius 
of the earth by r, the radius 
of the parallel through A by 
r', and the latitude of A, or 
the angle ACQ, by I. The 
time of revolution being the 
same for every point on the 
earth's surface, the velocities of Q and A will be to each 
other as their distances from the axis. Denoting these velo- 
cities by V and v', we have. 




whence. 



vr 
r 



But from the right-angled triangle, CAB, since the 
angle at A is equal to Z, we have, 
r^ ^r cos/. 
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Substituting this value of r' in the value of v'y and re- 
ducing, we have, 

v' = vcosZ. 

If we denote the centrifugal force at the equator by/, 
we have, 

f=j (99) 

In like manner, if we denote the centrifugal force at Ay 

by/', we have, 

v'* , ' ^ ' 

Substituting for v' and r' their values, previously de- 
duced, we get, 

/' = ^ (100) 

Combining equations (99) and (100), we find, 
/:/':: 1 : cosZ, /. /' =/cosZ (101) 

That is, the centrifugal force at any point on the earth's 
surface, is eqtml to the centrifugal force at the equator, 
multiplied by the cosine of the latitude. 

Let AJS!, perpendicular to PP', represent/', and resolve 
it into two components, one tangential, and the other 
normal to the meridian section. Prolong CAy and draw 
AD perpendicular to it at A. Complete the rectangle, FD 
on JjS', as a diagonal. Then will AD he the tangential, 
and AF the normal component In the right-angled 
triangle, AFF, the angle at A is equal to /. Hence, 

^ FF = AD =f'Bml =:fcoBlBml =^?^ (102) 

AF=fco8l=f 008*1 (103) 

Prom (102), we see that the tangential component is 
at the equator, goes on increasing till I = 45°, where it is a 
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maximnm, and then goes on decreasing till the latitude is 
90°, when it again becomes 0. 

The effect of the tangential component is to heap up the 
particles of the earth about the equator, and, were the 
earth in a fluid state, this process would go on till the effect 
of the tangential component was counterbalanced by the 
component of gravity acting down the inclined plane 
thusformed, when the particles would be in equilibrium. 

The higher analysis shows that the form of equilibrium 
is that of an oblate spheroid, differing but slightly from 
that which our globe is found to possess by actual measure- 
ment. 

From equation (103), we see that the normal component 
of the centrifugal force varies as the square of the cosine 
o? the latitude. 

This component is directly opposed to gravity, and, con- 
sequently, tends to diminish the apparent weight of all 
bodies on the surface of the earth. The value of this com- 
ponent is greatest at the equator, and diminishes toward 
the poles, where it is 0. From the action of the normal 
component of the centrifugal force, and because the flat- 
tened form of the earth due to the tangential component 
brings the polar regions nearer the centre of the earth, the 
measured force of gravity ought to increase in passing from 
the equator toward the poles. This is found to be the 
case. 

The radius of the earth at the equator is about 3962.8 
miles, which, multiplied by 2*, will give the entire circum- 
ference of the equator. If this be divided by the number 
of seconds in a day, 86400, we find th^ value of v. Substi- 
tuting this value of v and that of r just given, in equation 
(99), we find, 

/= 0.1112 ft., 
8 
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for the centrifugal force at the equator. If this be multi- 
plied by the square of the cosine of the latitude of any 
place, we have the value of the normal component of the 
centrifugal force at that place. ' 

Oentiiiagal Force of Bxtanded Masses. 

129. We have supposed, in what precedes, the dimen- 
sions of the body under consideration to be extremely small ; 
let us next examine the case of a body, of any dimensions 
whatever, constrained to revolve about a fixed axis. If the 
body be divided into infinitely small elements, whose di- 
rections are parallel to the axis, the centrifugal force of 
each element will be equal to the mass of the element into 
the square of its velocity, divided by its distance from the 
axis. If a plane be passed through the centre of gravity 
of the body, perpendicular to the axis, we may, without 
impairing the generality of the result, suppose the mass of 
each element concentrated at the point in which this plane 
cuts the line of direction of the element 

Let XCY be the plane through the centre of gravity 
perpendicular to the axis of revolution, AB the projection 
of the body on the plane, and the 
point in which it cuts the axis. Take 
G as the origin of a system of rectan- 
gular co-ordinates ; let CX be the axis 
of X, CY the axis of F, and m be the 
point at which the mass of one filament 
is concentrated, and denote that mass ^^' ^^* 

by m. Denote the co-ordinates of «» by a; and y, its dis- 
tance from C by r, and its velocity by v. The centrifugal 
force of the mass, m, is equal to 
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If we denote the angular velocity of the body by V, the . 
velocity of m will be r V\ which, in the expression just 
deduced, gives, 

Let this force be resolved into components parallel to 
CX and CY, We have, for these components, 

/ mt F^cosm (7X, and, mr F'^sinm GX. 

But, from the figure, 

cosw(7X= — , and, sinw(7-3r=— . 

Substituting these in the preceding expressions, and 
reducing, we have, for the components, 

mxV'^, and, myV^. 

Similar expressions may be deduced for each of the other 
filaments. If we denote the resultant of the components 
parallel to CXby X, and of those parallel to CFby F, 
we have, 

X=^2;{mx)V'\ and, r=I{my)V'\ 

If we denote the mass of the body by Jf, and suppose it 
concentrated at its centre of gravity, 0, whose co-ordi- 
nates are ar,, and y„ and whose distance from C is r,, we 
shall have, fix)m the principle of the centre of gravity, 
(Art. 55), 

J(ma;) = Mx^, and ^my) = Jfy,. 

Substituting above, we have, 

X=MV'\, and, Y=MV^y^. 

If we denote the resultant centrifugal force by B, we 
have. 



Ji = VTM- r* = MV'Wx; + y* = MV'\. 
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But if the velocity of the centre of gravity be denoted 
by F, we have, 

F= FV, ; or, F'' = ^ ; V^ ' ^J^ / 

which, in the preceding result, gives, 

* = ^ (10.) 

The direction of R is given by the equations, 

cos a = -D = -> and cos 5 = -o- = — ; 

IC Ti It Ti 

hence, it passes through the centre of gravity, 0; that is, 
the centrifugal force of an extended mass, constrained to 
revolve about a fixed axis, is the same as though the mass 
were concentrated at its centre of gravity. 



'<, Principal Axes. 

130. Suppose the axis about which a body is revolving 
to be free, so that the body can move in any manner. If 
the body is homogeneous and the axjs not one of symme- 
try, the centrifugal forces of the elements of the body will 
not balance each other, and unequal pressures will be 
exerted on different parts of the axis. This inequality of 
pressure will change the position of the axis of revolution 
at each instant, and the change will go on, till an axis is 
reached, that is pressed equally in all directions by the cen- 
trifugal forces of the elements. Such an axis ia called a 
principal axis. It may be shown, by the higher analysis, 
that a body has at least three principal axes, which pass 
through its centre of gravity, and are at right angles to 
each other. It may also be shown that the moment of 
inertia with respect to one of these axes is greater, and 
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with respect to another kssy than with reference to any 
other line through the centre of gravity. When the body 
is revolving about the former, its rotation is stable; when 
about the latter, it is unstable. The former may be called 
an axis of stability y and the latter an axis of instability. 
In the case of certain regular bodies, there may be an infi- 
nite number of either kind. Thus, in an oblate spheroid, 
the polar axis is an axis of stability, and the only one, 
whilst any diameter of an equatorial section is an axis of 
instability. In a prolate spheroid, the polar axis is an axis 
of instability, and the only one, whilst any diameter of the 
equatorial section is an axis of stability. In a right cone 
with a circular base, the axis of the cone is an axis of 
instability; but any line through the centre of gravity, and 
perpendicular to the axis, is an axis of stability. 

Szperimental niastratioiuu 

131. The principles relating to centrifugal force admit 
of experimental illustration. The instrument represented 
in the figure may be employed to 
show the value of the centrifugal 
force. u4. is a vertical axle, on 
which is mounted a wheel, F, com- 
municating with a train of wheel- ~|| 
work, by mfeans of which the axle f*«- io8- 
may be made to revolve with any angular velocity. At 
the upper end of the axle is a forked branch, BCy sustain- 
ing a stretched wire. D and E are balls pierced by the 
wire, and free to move along it. Between B and E'ls a 
spiral spring, whose axis coincides with the wire. 

•Immediately below the spring, on the horizontal part of 
the fork, is a scale for determining the distance of the ball, 
Ey from the axis, and for measuring the degree of compres- 
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sion of the spring. Before using the instrument, the force 
required to produce any degree of compression of the 
spring is determined experimentally, and marked on the 
scale. 
\ If a motion of rotation be communicated to the axis, 
the ball D will at once recede to (7, but the ball B will be 
restrained by the spring. As the velocity of rotation 
increases, the spring is compressed more and more, and the 
ball B approaches B. By a suitable arrangenient of wheel- 
work, the angular Telocity of the axis corresponding to 
any compression may be ascertained. We have, therefore, 
all the data necessary to verify the law of centrifugal 
force. 

If a vessel of water be made to revolve about a vertical 
axis, the inner particles recede from the axis on account 
of the centrifugal force, and are heaped up about the sides 
of the vessel, imparting a concave form to the upper sur- 
face. The concavity becomes greater as the angular velo- . 
city is increased. 

If a circular hoop of flexible material be mounted on 
one of its diameters, its lower point being fastened to the 
horizontal beam, and a motion of rotation imparted, the 
portions of the hoop farthest from the axis will be most 
affected by centrifugal force, and the hoop will assume an 
elliptical form. 

If a sponge, filled with water, be attached to one of the 
arms of a whirling machine, and motion of rotation im- 
parted, the water will be thrown from the sponge. This 
principle has been used for drying clothes. An annular 
trough of copper is mounted on an axis by radial arms, 
and the axis connected with a train of wheelwork, by 
means of which it may be put in motion. The outer wall 
of the trough is pierced with holes for the escape of water. 
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and a lid confines the articles to be dried. To use this 
instrumentj the linen, after being washed, is placed in 
the annular space, and a rapid rotation imparted to the 
machine. The linen is thrown against theouter wall of 
the instrument, and the water, urged by the centrifugal 
force, escapes through the holes. Sometimes as many as 
1,500 revolutions per minute are given to the drying ma- 
chine, in which case, the drying process is very rapid and 
very perfect. 

If a body revolve with sufficient velocity, it may happen 
that the centrifugal force generated will be greater than 
the force of cohesion that binds the particles together, and 
the body be torn asunder. It is a common occurrence for 
large grindstones, when put into rapid rotation, to burst, 
the fragments being thrown away from the axis, and ofben 
producing much destruction. 

When a wagon, or carriage, is driven round a corner, or 
IS forced to run on a circular track, the centrifugal force is 
offcen sufficient to throw loose articles from the vehicle, and 
even to overthrow the vehicle itself. When a car on a rail- 
road track is forced to turn a sharp curve, the centrifugal 
force throws the cars against the rail, producing a great 
amount of friction. To obviate this difficulty, it is cus- 
tomary to raise the outer rail, so that the resultant of the 
centrifugal force, and the force of gravity, shall be perpen- -a 
dicular to the plane of the rails. * 

Slevation of the Outer Rail of a Chirved Track. 

132. To find the elevation of the outer rail, so that 
the resultant of the weight and centrifugal force shall 
be perpendicular to the line joining the rails, assume 
a cross section through the centre of gi'avity, O. Take 
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A 



the horizontal, OAy to represent 
the centrifugal force, and GB to 
represent gravity. Construct 
their resultant, C. Then must 
DE be perpendicular to 00 

Denote the velocity of the car 
by V, the radius of the curved 
track by r, the force of gravity 
by g, and the angle, DEF, or its 
the right-angled triangle, GBCy y^ 

, B 

tana = -^ 

But, BCy or its equivalent, GA, it 

equal to </ ; hence, 

tana = — 
gr 

Denoting the distance between 
elevation of the outer rail above 
have, 

tana = — , very 
Equating the two values of tana, 

d" gr' 

Hence, the elevation of the outer rail varies as the square 
of the velocity directly, and as the radius of the curve 
inversely. 

It is obvious that the elevation ought to be different for 
different velocities, which, from the nature of the case, is 
impossible. The correction is, therefore, made for some 
assumed velocity, and then such a form is given to the 



h -=■ — . 
gr 
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tire of the wheels as will complete the correction for other 
velocities. 

The Oonioal Pendulum. ^ 

133. The conical pendulum consists of a ball attached i "l 

to one end of a rod, the other end of which is connected, 
by a hinge-joint, with a vertical axle. When the axle is 
put in motion, the centrifugal force causes the ball to 
recede from the axis, until an equilibrium is established 
between the weight of the ball, the centrifugal force, and 
the resistance of the connecting rod. When the velocity is 
constant, the centrifugal force is constant, and the centre of 
the ball describes a horizontal circle, whose radius depends 
on the velocity. To determine the time of revolution : 

Let BD be the axis, A the ball, B the hinge-joint, and 
AB the connecting rod, whose mass is so small, that it 
may be neglected, in comparison with that ^ 
of the ball. 

Denote the time of revolution, by t, the j^ 
length of the arm, by Z, the centrifugal 
force, by /, and the angle, ABC, by 9. 
Draw A C pei'pendicular to BD, and denote 
AOy by r, and BC, by h. 

From the triangle, ABC, we have, **^^^* 

r=zh tan9; and since r ii the radius of the circle described 
by A, the distance passed over by A, in the time f, is equal 
to 2*r, or, 2*htsin(p. Denoting the velocity of -4, by v, we 
have, from article (102), 

But the centrifugal force is equal to the square of the 
velocity, divided by the radius ; hence, 

/=^^ (105) 

8* 
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The forces that act on A, are the centrifugal force, in 
the dirtjction AF^ the force of gravity, in the direction AG, 
and the resistance of the connecting rod, in the direction 
AB. In order that the ball may remain at an invariable 
distance from the axis, these must be in equilibrium. 
Hence, (Art 33), 

ff : f :: sinBAF :: sinBAG; 
but, sinBAF= sin(90'' + 9) =0089; 

and, sinBAG = 8in(180° — 9) = sin9. 

We have, therefore, 

g : fi: C08(p : siiKp, /. / = ^tan(p. 

Equating these values of/, we have, 
4flr'Atan(p 



r 






1 



Solving with respect to t, 



= gta,ii(p. 



t^^'Y'j (106) 

That is, the time of revolution, is equal to the time of 
a double vibratiofi of a pendulum whose length is h. 

The Governor. 

134. The principle of the conical pendulum is employed 
in the govemor, a machine attached to engines, to regulate 
the supply of motive force. 

^^ is a vertical axis connected 
with the machine near its working- 
point, and revolving with a velocity 
proportional to that of the working- 
point ; FE and GD are arms turning 
about AB, and bearing heavy balls, 
D and E, at their extremities ; these 
bars are united by hinge-joints with Fig. 111. 
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two other bars at G and Fy and also to a ring at Hy that 
is free to slide up and down the shaft 

The ring, H, is connected with a lever, HK, that acts 
on the valve in the pipe that admits steam to the cylinder. 

When the shaft revolves, the centrifugal force causes 
the balls to recede from the axis, and the ring, H, is 
depressed; and when the velocity has become sufficiently 
great, the lever closes the valve. If the velocity slackens, 
the balls approach the axis, and the ring, H^ ascends, open- 
ing the valve. In any given case, if we know the velocity 
required at the working-point, we can compute the required 
angular velocity of the shaft, and, consequently, the value 
of t This value of ty substituted in equation (106), give? 
the value of h. We may, therefore, prooerly adjust the 
ring, and the lever, HK. 

Examples. 

. 1. A ball weighing 10 lbs. is whirled round in a circle whose radios 
is 10 feet, with a velocity of 80 feet. What is the acceleration due 
to centrifugal force ? Ans. 90 it 

2. In the preceding example, what is the tension on the cord that 
restrains the ball? 

SOLUTION. 

Denote the tension, in pounds, by t; then, since the pressures pro- 
duced are proportional to the accelerations, we have, 

10 : « : : ^ : 90, .*. < = 28 lbs., nearly. An», 

8. A body is whirled round m a circular path whose radius is 5 
feet, and tl^ centrifugal force is equal to the weight of the body. 
What is the velocity of the moving body? 

SOLUTION. 

Denoting the velocity by u, we have the centrifugal force equal 
to — ; but, by the conditions of the problem, this is equal to gravity ; 

hence, t = 324 ; or, r = 12.7 ft Ans, 
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4. In how many seconds must the earth revolve that the centrif- 
ugal force at the equator may counterbahmce the force of gravity, 
the radius of the equator being 8962.8 miles ? 



Reducing miles to feet, and denoting the required velocity, by d, 
we have, 

g^g~ = 32t, .-. V = v/32i X 20923584. 

But the time of revolution is equal to the circumference of the 
equator, divided by the velocity. Denoting the time by <, we have, 

, _ 2?r X 20 923584 

. '- S ' 

and, substituting for «, its value, taken from the preceding equation, 
we have, 

,_ 2?rV2 0923584 2jr X 4574 .^^ . 

t »= — :3 = — ^-^ — = 5068 sees. Ans, 

V82i ««7 

5. A body is placed on a horizontal plane, which is made to re- 
volve about a vertical axis, with an angular velocity of 2 feet How 
far must the body be situated from the axis that it may be on the 
point of sliding outward, the coefScient of friction between the body 
and plane being equal to .6 ? 

SOLUTION. 

Denote the required distance by r; then will the velocity of the 
body be 2r, and the centrifugal force Ar. But the acceleration due 
to the force of friction is equal to 0.6 X ^ = 19.8 ft From the con- 
ditions of the problem, these are equal, hence, 

\^ 4r = 19.3 ft, .-. r = 4.825 ft Am, 

. i ; 6. What must be the elevation of the outer rail of a track, the 
^ ' radius being 3960 ft, the distance between the rails 5 feet, and the 

velocity of the car 30 miles per hour, that there may be no lateral 
tiirust? Am, 0.076 ft, or 0.9 in., nearly. 

7. The distance between the rails is 5 feet, the radius of the curve 

600 feet, and the height of the centre of gravity of the car 5 feet 

Wliat velocity must the car have that it may be on the point of being 

overturned by the centrifugal force, the rails being on the same level ? 

We have. 



/5 X 32i X 600 „^ „, , . 

) = W o^"g ~ ®® ^» ^^ ^} '^» P^** hour. Am, 
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Definition and Measure of Work. 

135. By the term toorky in mechanics, is meant the effect 
produced by a force in overcoming a resistance. It implies 
that a force is exerted through a certain space ; thus, a 
"force exerted to raise a weight is said to work, and the 
quantity of work performed depends, first on the weight 
raised, and secondly on the height through which it is 
raised. Because other kinds of work may be assimilated to 
that of raising a weight, it is customary to assume the work 
necessary to raise a given weight, to a given height, as a 
standard to which all kinds of work may be referred. 

In this country, and in Great Britain, the unit generally 
adopted is the work required to raise a weight of onepotind 
through a height of one foot. This unit is called Vk foot- 
pound. In France, the assumed unit is the work required 
to raise a kilogramme through a metre; it is called a kiJo- 
grammetre. 

If we denote the force exerted by P, the space through 
which it is exerted by p, and the quantity of work per- 
formed by Qy we shall have, 

Q^Pp. 

If the force is variable, we may conceive the path divided 
into equal parts, so small that, for each part, the pressure 
may be regarded as constant If we denote the length of 
one of these parts by p, and the force exerted whilst de- 
scribing it by P, we shall have, for the corresponding quan- 
tity of work, Pp^ and for the entire quantity of work, 
denoted by §, we shall have the sum of the elementary 
quantities of work ; or, since p is the same for each. 

The quotient obtained by dividing the entire quantity of 
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work by the entire path, is called the mean pressure, or the 
mean resistancSy and is evidently the force which, acting 
uniformly through the same path, would accomplish the 
same work. 

In estimating work performed by engines and other 
machines, a unit is adopted that involves the additional 
idea of time- This unit is called a horse power. A horse 
*power is a power capable of raising 33,000 lbs, through a 
height of 1 foot in 1 minute. When we say that a machine 
is one of 10 horse power, we mean that it is capable of per- 
forming 330,000 units of work in a minute. ^ ; * 

Work, when the Power acts Obliquely. 

IM. Let PD be a force, and AB the path that the body 
D is constrained to follow. Denote the angle PDs by a, 
and suppose P to be resolved into two ^^ 
components, one perpendicular, and 
the other parallel to AB. We have, 
for the former, Psina, and, for the lat- ^- ^^• 

ter, Pcosa. 

The former can produce no work, since, from the nature 
of the case, the point cannot move in the direction of the 
normal ; hence, the latter is the only component that 
works. Let sD be the space through which the body is 
moved, and denote the quantity of work, by Q ; we have, 

Q = Pjbosa X sJ). 

Let fall the perpendicular ss' from «, on the direction of 
the force, P. Prom the right-angled triangle, Dss', we have, 

sD X cosa = s'D. 
Substituting this in the preceding equation, we get, 
Q = PX s'D. 
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That is, the qnantity of work of a force acting obliquely 
to the path along which the point of application is con- 
strained to move, is equal to the intensity of the force mul- 
tiplied by the projection of the path on the direction of the 
force. . 

If we take sD, infinitely small, s'D will be the virtual 
velocity of i), and the expression for the quantity of work 
of P will be its virtual moment, (Art 36). Hence, we say 
that the elementary quantity of work of a force is equal to 
its virtual moment, and, from the principle of virtual mo- 
ments, we conclude that the algebraic sum of the element- 
ary quantities of work of any number of forces applied at 
the same point, is equal to the elementary quantity of work 
of their resultant. What is true for the elementary quan- 
tities of work at any instant, must be equally true at any 
other instant. Hence, the algebraic sum of all the element- 
ary quantities of work of the components is equal to the 
algebraic sum of the elementary quantities of work of 
their resultant ; that is, the work of the components is 
equal to the work of their resultant. 

This principle hardly seems to require demonstration, 
for, from the definition of a resultant, it would seem to be 
true of necessity. If the forces be in equilibrium, the 
entire quantity of work is equal to 0. 
. This principle is used in <K)mputing the quantity of 
work required to raise material fbr a wall or building; for 
raising material from a shaft ; for raising water from one 
reservoir to another; and for a great variety of similar 
operations. In this connection, the principle may be enun- 
ciated as follows : 

The algebraic sum of the quantities of work requited to 
raise the parts of a systefn through any vertical spaces^ is 
equal to the quantity of work required to move the whole 
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system through the height described by the centre of gravity 
of the system. 

It also follows, that, if att the pieces of a madiinSy which 
moves ioithout frictiotiy be in equilibrium in aU positums, 
the centre of gravity of the systetn wiU neither ascend nor 
descend whilst the machine is in motion. 

Sotationu 

1S7. When a body, restrained by an axis, is acted on by 
a force not passing through the axis, it takes up a motion 
of rotation. In this variety of motion, each point describes 
a circle whose plane is perpendicular to, and whose centre 
is in, the axis. The velocity of any particle is equal to its 
distance from the axis multiplied by the angular velocity 
of the body. The time of revolution of all the particles 
being the same, the velocities of different particles are pro- 
portional to their distances from the axis. 

I ^ Quantity of Work of a Force produciiig Rotation. 

138. If a force be applied obliquely to the axis of rotation, 
we may conceive it to be resolved into two components, one 
parallel, and the other perpendicular to the axis. The 
effect of the former will be counteracted by the resistance 
of the axis; the effect of the latter will be exactly the 
same as that of the applied .force. We need, therefore, 
consider those components only, whose directions are jjer- 
pendicular to the axis. 

Let P be a force whose direc- p B 



tion is perpendicular to the axis, 
but does not intersect it Let 
be the point in which a plane 
through Py perpendicular to the 
axis, intersects it. Let A and C 



-C .K% 



Fig. IIS. 
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be any two points on the direction of P. Suppose P to turn 
the system through an infinitely small angle, and let B and 
D be the new positions of A and C. Draw OjE> Ba^ and 
Dc perpendicular to PE ; draw also, AO^ BO^ COy and 
BO. Denote OA by r, OC by r', OE by jo, and the path 
described by a point at a unit's distance from 0, by &\ 
Since the angles A OB, and COD are equal, from the nature 
of the motion, we have, AB = rfl', and CD = r' 6' ; and since 
the angular displacement is infinitely small, these may be 
regarded as straight lines perpendicular to OA and OC. 
From the right-angled triangles ABa and CDc, we have, 

Aa = r6'cosBAa, and Cc = r'^'co&DCc. 

In the right-angled triangles -4j5a, and OAEy AB is 
perpendicular to OAy and -4a to OE; hence, BAa, and 
-4 OE, are equal ; hence, 

P 
coaBAa = cos^ 0-^ = - • 
r 

In like manner, 

cobDCc = cobCOE^:^,. 
r 

Substituting in the preceding equations, we have, 

Aa=pA', and Cc = pA'; /. Aa=Cc; 
whence, 

P.^a=P.Cc=P/74'. 

The first member of the equation is this quantity of work 
of P, when its point of application is A ; the second is its 
quantity of work, when the point of application is at C 
Hence, we conclude, that the elementary quantity of work 
of a rotating force is always the same, wherever its point of 
application may be taken, provided its line of direction re- 
main unchanged. 

We conclude, also, that the elementary quantity of work 
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is equal to the intensity of the force multiplied by its lever 
arm into the elementary space described by a point at a 
unit's distance from the axis. 

If we suppose the force to act for a unit of time, the 
intensity and lever arm remaining the same, and denote 
the angular velocitf/y by ^, we shall have, 

For any number of forces similarly applied, we shall 
have, 

Q = I{Pp)6 (107) 

If the forces are in equilibrium, we have, (Art. 34), 
J(Pp) = ; consequently, Q = 0. 

Hence, if any number of forces tending to produce 
rotation are in equilibrium, the entire quantity of work of 
the forces is equal to 0. 

AooumnlaUon of Work. 

1S9. When a force acts on a body, to impart motion, it 
expends a certain quantity of work in overcoming the 
body's inertia. This work is said to be stored up in the 
body; and if a resistance be offered to its motion, the entire 
quantity of work will be given out, and expended on the 
resistance. A body in motion may, therefore, be regarded 
as the representative of a quantity of work which, under 
certain circumstances, is capable of being utilized. The 
work stored up, or accumulated, depends on the mass of 
the moving body, and also on the velocity with which it 
moves. To find an expression for it, let us denote the 
weight of the body by W, its velocity by v, and the 
quantity of accumulated work by Q, If we suppose it to 
be projected vertically upward, with the velocity, v, it will 
rise to the height due to that vehdtg, that is, the work 
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stored up in the body is sufficient to raise the weight, Wy 
through a height, h. Hence, 

if 
But, h = i—y (Art 105). Substituting this value of A, 

we have, 

W 

Denoting the mass of the body by My we have, (Art 15), 

W 

— = My and this, in the preceding equation, give«, 

Q = iMv\ 

Hence, tJie accumulated work in a inoving body is equal to 
one-half the body's mass into the square of its velocity. 

The expression ^J/iy* is called the living force of the 
body. Hence, the living force of a body is equal to half its 
masSy multiplied by the square of its velocity. The living 
force of a body is the measure of the quantity of work 
expended in producing the velocity, or, of the quantity of 
work the body is capable of giving out. 

When forces tend to increase the velocity, their work is 
positive; when they tend to diminish it, their work is 
negative. It is the aggregate of all the work expended, 
both positive and negative, that is measured by the quan- 
tity, \mi^. 

If, at any instant, a body whose mass is r7i,has a velocity 
Vy and, at a subsequent instant, its velocity has become v'y 
we have for the accumulated work at these two instants 

Q^hmv\ Q'==imv''j 

and, for the aggregate quantity of work expended in the 
interval, 

C"=M«'"-v«) (108) 
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When the motive forces, during the interval, perform 
more work than the resistances, v' is greater than v, and 
there is an accumulation of work. When the work of the 
resistances exceeds that of the motive forces, v exceeds ?»', 
Q"y is negative, and there is a loss of work which is ex- 
pended on the resistances. 

^ Iiiving Force of Revolving Bodies. 

140. Denote the angular velocity of a revolving body by 
d, the masses of its elementary particles by m, m', &c., and 
their distances from the axis of rotation, by r, r', &c. Their 
velocities will be r6, r'&, &c., and their living forces, i^nr^^*, 
i^nV"^', &c. Denoting the entire living force of the body 
by X, we have, by summation, recollecting that 6 is the 
same for all the terms, 

L=il{mry* (109) 

But I{mr^) is the moment of inertia of the body with 
respect to the axis of rotation. Denotmg the entire mass 
by M, and its radius of gyration, with respect to the axis of 
rotation, by k, we have, 

S{mr') = Mk'j .-. L = iMk'd* (110) 

If, at any subsequent instant, the angular velocity has 
become A', we have, 

and, for the gain or loss of living force in the interval, 

L" = iMk'{6''-d*) (Ill) 

If, in equation (110), we make d = 1, we have, 

r" = ilimr') ; or, r(mr») = 2Z. 

That is, the moment of inertia of a body, with respect to 
an axis, is equal to twice its living force when the angular 
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velocity is equal to 1, or, to twice the quantity of work that 
must be expended to generate a unit of angular velocity. 

The principle of living force is applied in discussing the 
motion of machines. When the power performs more work 
than is necessary to overcome the resistances, the velocities 
of the parts increase, and a quantity of jrork is stored up, 
to be given out again when the resistances require more 
work to overcome them than is furnished by the motor. 
• In many machines, pieces are introduced to equalize the 
motion ; this is particularly the case when either the power 
or the resistance is variable. Such pieces are called /y- 






Fly-Wheels. 

141. A fly-wheel is a heavy wheel mounted on an axis, 
near the point of application of the force it is designed to 
regulate. It is generally composed 
of a rim, connected with the axis by 
radial arms. Sometimes it consists 
of radial bars, carrying spheres of 
metal at their outer extremities. 
Let us denote the mass of the wheel 
by Jf, its radius of gyration by k, the 
quantity of work stored up in any ^*^- ^^** 

time by §, and the mitial and terminal angular velocities 
by 6' and 6". We shall have, from equation (111), 
Q = iMk\6"'-^") (112) 

If d">a', Q is positive and work is stored up ; if, 4"<d', 
Q is negative, and the wheel gives out work. 

If the angular velocity increase from 6' to ^", and then 
decrease to &', and so on, alternately, the work accumulated 
during the first part of each cycle is given out during the 
second part, and any device that will make B' and B" more 
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nearly equal, will contribute toward equalizing the motion 
of the wheel. By suitably increasing the mass and radius 
of gyration, their difference may be made as small as de- 
sirable. Let the half-sum of the greatest and least angular 
velocities be called the mean angular velocity, and denote 

it by i'". We shall have — ^ = d'", and by factoring the 

second member of (112), we have, 

whence, by substituting the value of B" + d', 

Q = Mk*(B" - 6')6'' (113) 

Let us suppose the difference between the greatest and 
least velocity, equal to the n^^ part of their mean, that is, 
that 

n 
This, in (113), gives 

Q = — ^^ — ; or, Mk^ =^,. 

From this equation the moment of inertia of the wheel 
may be found, when we know w, Qy and d'". The value of 
n may be assumed ; for most kinds of work a value of 
from 6 to 10 will be found to give sufficient uniformity ; 
the value of B'" depends on the character of the work to be 
performed, and Q is made known by the character of the> 
motion to be regulated. 

Oomposition of RotatloiiAi 
142. Let a body, ACBD, be acted on by an impulse that 
would cause it to revolve about AB with an angular velo- 
city V, and at the same instant let it be acted on by a second 
impulse that would cause it to revolve about DC with an 
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angular velocity v\ Suppose the axes to intersect at 0, and 
from any assumed point in their plane, draw perpendicu- 
lars to AB and DC, denoting the former by x and the 
latter by y. Then will the velocity of the assumed point 
due to the first force be vxy and 

its velocity due to the second force ^ C 

will be v'y. Now, the point can y^ /^\ 
always be taken, so that rotation / a/ ""^^x^kV 

about the first axis shall tend to / A^^^*^/ ) 

depress the point below the plane, A^^ ■ j - iL -Jb 

and about the second axis to elevate V^ / 

it above the plane. In this case \.^ ^ ^^^ ^ 

the eflTective velocity of the point is ^j^ ^^^ 

If this velocity is equal to 0, the assumed point remains 
fast, and, we have, 

i;a: = v'y ; or, a; : y : : v' : V (114:) 

To find the position of the point, in the case supposed, 
lay off OH equal to v, and 01 equal to v\ and on these as 
sides, construct the parallelogram IH, and draw its diagonal 
OK. Then will any point, P, of this diagonal satisfy pro- 
portion (114). For, let OEL and 01 for a moment be 
regarded as forces, and OK their resultant, and suppose PF 
and PO to be perpendicular to OH and 01. Then if P 
be taken as a centre of moments, we have, (Art 34), 
OJJx PF= OIX PO; or, v X PF=^ v' X PO. 
J I ^ From which we find, 

PF : PO :: v' : v; or, PF : PO :i x : y. 

Hence, every pk)int of OK remains at rest ; it is conse- 
quently the resultant axis of rotation. We have, therefore, 
the following principles: 

If a body be acted on simultaneously by two impulsesy each 
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tending to impart rotation about a separate axis, the result- 
ant motion will be one of rotation about a third axis lying 
in the plane of the other two, and passing through their 
point of intersection. 

The direction of the restUtant axis coincides with the 
diagonal of a parallelogram, whose sides are the component 
axes, and whose lengths are proportional to the angular ve- 
locities. 

Let OJJand 0/ represent the angular velocities v and v', 
and 0£ the diagonal of the parallelogram constructed on 
these lines as sides. Take any point, /, on j ^ 

the second axis, and let fall perpendiculars Ai^'"^^^^ 
on OJJand OK; denote the former by r , and />^j^,/' 
the latter by r"; denote, also, the angular o h 

velocity about OK, by v". Since the space ^s- "•• 

passed over by /, in any time, t, depends only on the first 
force, it will be the same whether we regard the revolution 
as taking place about OH or OK. If we suppose the 
rotation to take place about OH, the space passed over in 
the time, /, will be rvt; if we suppose the rotation to take 
place about OK, the space passed over in the same time 
will be r"i;'7. Placing these equal, we have, after reduc- 
tion, 

f"=^,« (115) 

r 

If we suppose, as before, that OH and 01 are forces, and 

JK their resultant, and take / as a centre of moments, 

we have, 

OKy.r"-vr; or, 0^=-^t;. 

r 

By comparing this with equation (115), we have, 

v" = OK 
Hence, the resultant angular velocity is equal to the 



Digitized by VjOOQ IC 



CUBVILINBAB AND BOTABY MOTION. 193 

diagonal of the parallelogram described on the component 
angular velocities as sides. 

By a course of reasoning similar to that employed in 
demonstrating the parallelopipedon of forces, we might 
. show, that. 

If a body be acted on by three simultaneous impulses^ 
each te7iding to produce rotation about axes intersecting, 
the resultant motion will be one of rotation about the diag- 
onal of the parallelopipedon whose adjacent edges are the 
component angulnr velocities, and the resultant angular 
velocity will be equal to the length of this diagonal. 

The principles just deduced are called the parallelogram 
and the parallelopipedon of rotations. 

Application to the Oyroicope. ■^' 

143. The gyroscope is an instrument that may be used 
to illustrate the laws of rotary motion. It consists of a 
heavy wheel, A, mounted 
on an axle, BC. This 
axle is attached, by pivots, 
to the inner edge of a cir- 
cular hoop, DB, within 
which the wheel. A, can Fig. in. 

turn freely. On one side of the hoop, and in the prolongation 
of the axle, BC, is a bar, UF, having a conical hole drilled 
on its lower face to receive the point of a vertical standard, 
ff. K a string be wrapped round the axle, BC, and then 
rapidly unwound, so as to impart a motion of rotation to 
the wheel. A, in the direction indicated by the arrow-head, 
it is observed that the machine, instead of sinking down- 
ward under the action of gravity, takes up a retrograde 
orbital motion about G, as indicated by the arrow-head, M, 
For a time, the orbital motion increases, and, under certain 

9 
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circumstances, the bar, EFy is observed to rise upward in 
a retrograde spiral direction ; and, if the cavity for receiv- 
ing the pivot is pretty shallow, the bar may even be thrown 
off the standard. Instead of a bar, EF, the instrument may 
simply have an ear at E, and be suspended by a string. 
The phenomena are the same as before. 

Before explaining the phenomena, it will be necessary to 
assume conventional rules for giving signs to the different 
rotations. 

Let OX, OY, and OZ, be three rectangular axes. It has 
been agreed to call all distances, estimated from 0, toward 
either X, Y, or Z, positive; con- ^ 

seqnently, all distances estimated 
in contrary directions must be o ^ d'H 

negative. K a body revolve E^^ ^ 
about either axis, in such a man- y ^ W 

ner as to appear to an eye on the ^- iis. 

positive portion of the axis, and looking toward the origin, 
to move in the same direction as the hands of a watch, that 
rotation is called positive. If rotation take place in an 
opposite direction, it is negative. The arrow-head, A^ indi- 
cates the direction of positive rotation about the axis of X, 
the arrow-head, B, the direction of positive rotation about 
the axis of Y, and the arrow-head, (7, the direction of posi- 
tive rotation about the axis of Z. 

Suppose the axis of the wheel of the gyroscope to 
coincide with the axis of X, taken horizontal ; let the 
standard coincide with the axis of Z, the axis of Y being 
perpendicular to both. Let positive rotation be communi- 
cated to the wheel by a string, and then let the instru- 
ment be abandoned to the action of gravity.- During the 
first instant, the force of gravity will impart to it a positive 
rotation about the axis of K Denote the angular velocity 
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about the axis of X, by v, and about the axis of Y, by v'; 
lay off in a positive direction on the axis of X, OD equal to 
v, and on the positive direction of the axis of Y, OF equal 
to v', and complete the parallelo^m, OF. Then will 
OF represent the resultant axis of revolution, and the 
angular velocity. In moving from OD to OF, the axis 
has a positive, or retrograde orbital motion about the axis 
of Z. To construct the resultant axis for the second 
instant, we must compound three angular velocities. Lay 
off on a perpendicular to OF and OZ, the angular velocity 
due to gravity, and on OZ the angular velocity in the 
orbit; construct a parallel oplpedon on the three velocities, 
and draw its diagonal through 0. This diagonal will 
coincide with the axis for tlie second instant, and will 
represent the resultant angular velocity. For the next 
instant, we proceed as before, and so on continually. Since, 
in each case, the diagonal is greater than either edge of the 
parallelopipedon, it follows that the angular velocity will 
continually increase, and, were there no hurtful resistance, 
this increase would go on indefinitely. The effect of gravity 
is continually exerted to depress the centre of gravity 
of the instrument, whilst the effect of the orbital rotation 
is to elevate it. When the latter prevails, the axis of the 
gyroscope rises; when the former prevails, the gyroscope 
descends. Whether one or the other of these conditions 
is fulfilled, depends on the angular velocity of the wheel, 
and the position of the centre of gravity of the instrument. 
Were the instrument counterpoised so as to place the centre 
of gravity exactly over the pivot, there would be no orbital 
motion, neither would the instrument rise or fall. Were 
the centre of gravity thrown on the opposite side of the 
pivot, the rotation due to gravity would be negative, and 
the orbital motion would be direct. 
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CHAPTER Vn- 

MECHANICS OF LIQUIDS. 

dassifioatioa of Fluids. 

144. A FLUID is a body whose particles move freely 
amongst each other, each particle yielding to the slightest 
force. 

Fluids are of two classes : liquids, of which water is a 
type, and gases, or vapors, of which air and steam are types. 
The distinctive property of the first class is, that they are 
almost incompressible; thus, water, on being pressed by a 
force of 15 lbs. on each square inch of surface, sufiers a 
diminution of not more than the goo^ooo ^^ of its bulk. 
Bodies of the second clajss are readily compressible ; thus, 
air and steam are easily compressed into smaller volumes, 
and when the pressure is removed, they expand and occupy 
larger volumes. 

Most liquids are imperfect; that is, there is more or less 
adherence between their particles, giving nse to viscosity. 
In what follows, they will be regarded as destitute of vis- 
costty, and homogeneous. In certain cases fluids may also 
be regarded as destitute of weight, without impairing the 
validity of the conclusions. 

Principle of ZSqual Presstires. 

145. From the nature of a fluid, each of its particles is 
perfectly movable in all directions. From this we deduce 
the following fundamental law, viz. : If a fluid be in equi- 
librium, under the action of any forces whatever, each par- 
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ticle of the mass is eqtmlly pressed in all directions; for, if 
any particle were more strongly pressed in one direction 
th^n in the others, it would yield in that direction, and 
motion would ensue, which is contrary to the hypothesis. 

This is called the prhiciple of equal pressures. 

It follows from the principle of equal pressures, that if a 
fluid, confined in a vessel, be pressed at any part of its sur- 
face, the pressure will be transmitted without change of 
intensity to every part of the inner surface of the vessel. 

This may be illustrated as follows: let a vessel, ABy be 
filled with water, and let two pistons, C and A be fitted to 
corresponding openings in the side of 
the vessel, and suppose the fluid to be 
in equilibrium. If any extraneous 
force be applied to either piston, a 
second force must be applied to the 
other to hold the first in equilibrium, \ y 

and it will be found that these forces ^^ ^ 

are proportional to the areas of the wg. iw. 

pistons to which they are applied. This relation holds true, 
no matter what the areas of the pistons, or at what portion 
of the vessel they may be applied. 

A pressure transmitted through a fluid in equilibrium, 
to the surface of a containing vessel, is normal to that sur- 
face; for if it were not, we might resolve it into two 
components, one normal to the surface, and the othei; tan- 
gential ; the effect of the former would be destroyed by the 
resistance of the vessel, whilst the latter would impart 
motion to the fluid, which is contrary to the supposition 
of equilibrium. In like manner, it may be shown, that 
the resultant of all the pressures, acting at any point of 
the free surface of a fluid, is normal to the surface at that 
point. 
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When the only force acting is gravity, the Bnrface is leveL 
For small areas, a level surface coincides sensibly with a 
horizontal plane. For larger areas, as lakes and oceans a 
level surface coincides with the general surface of the earth. 
Were the earth at rest, the level surface of lakes and oceans 
would be spherical ; but, on account of the centrifugal force 
arising from the rotation of the e^rth, it is that of an ellip- 
soid, whose axis of revolution is the axis of the earth. 

PrMsnre due to Weight, 

146. If an incompressible fluid be in equilibrium, the 
pressure at any point arising from the weight of the fluid, 
is proportional to the depth of that point below the free 
surface. 

Take an infinitely small surface, supposed horizontal, and 
conceive it to be the base of a vertical prism whose altitude 
is its distance from the free surface. Let this filament be 
divided, by horizontal planes, into infinitely small, or ele- 
mentary prisms. From the principle of equal pressuresy 
the pressure on the lower face of any one of these prisms 
is greater than that on its upper face, by the weight of the 
prism, whilst the lateral pressures counteract each other. 
Hence, the pressure on the lower face of the first prism 
from the top, is equal to its weight ; that on the lower face 
of the second is equal to the weight of the first, plus the 
weight of the second, and so on to the bottom. Hence, 
the pressure on the assumed surface is equal to the weight 
of the entire column of fluid above it. Had the assumed 
elementary surface been oblique to the horizon, or perpen- 
dicular to it, and at the same depth as before, the pressure 
on it would have been the same, but its direction would 
have been normal to the surface. We have, therefore, the 
following law : 
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T%e pressure on an elementary portion of the surface of a 
vessel containing a heavy fluid, is equal to the weight of a 
prism of the fluid, whose base is the surface pressed, and 
whose altitude is its depth belotv the free surface of the fluid. 

Denoting the area of the elementary surface, by s, its 

depth below the free surface, by z, the weight of a unit of 

volume of the fluid, by w, and the pressure, by/?, we shall 

have, 

p=z wzs (116) 

We have seen that the pressure on any element of a sur- 
fiace is normal to the surface. Denote the angle this nor- 
mal makes with the vertical, estimated from 
above downward, by <p, and resolve the pres. 
sure into two components, one vertical and 
the other horizontal ; denoting the vertical 
component by^', we have, pig. mo. 

h 
p' = wzsco&^ (117) 

But ^cos(p is equal to the horizontal projection of the 
element s, in other words, it is a horizontal section of a 
vertical prism, of which that surface is the base. 

Hence, the vertical component of the pressure on any 
element of the surface is equal to the weight of a column of 
the fluid, whose base is the horizontal projection of the 
element, and whose altitude is the distance of the element 
from the free surface of the fluid. 

^ The distance, z, has been taken as positive from the sur- 
face of the fluid downward. If <p<90°, we have cos(p posi- 
tive ; hence p', will be positive, which shows that the ver- 
tical pressure is exerted downward. If <p>90°, we have 
cos<p negative, hence p' is negative, which shows that the 
vertical pressure is exerted upward (see Fig. 120). 

Suppose the interior surface of a vessel containing a 



Digitized by VjOOQ IC 



200 MECHANICS. 

heavy fluid to be divided into elementary portions, whose 
areas are denoted by s, s', s", &c.; denote the distances of 
these elements from the free surface, by z, z\ z", &c. From 
the principle just demonstrated, the pressures on these sur- 
faces will be W8Z, tos'z\ ws'^z"^ &c., and the entire pressure 
on the interior of the vessel will be equal to, 

w{sf^ + s'z' + 8"z" + &c.) ; or, ioX ^sz). 

Let Z denote the depth of a column of fluid, whose base 
is the surface pressed, and whose weight is equal to the 
entire pressure, then will this pressure be to{s + s' + «" 
+ &c.)Z; or, wZ , Is. Equating these values, we have, 

W.I{SZ)=:WZ.I{S), .-. ^=^^ (118) 

The second member of (118) is the distance of the cen- 
tre of gravity of the surface pressed, from the free surface 
of the fluid. Hence, • 

The pressure of a heavy fluid on the interior of a vessel 
is equal to the weight of a cylinder of the fluid, lohose base 
is the area pressed, and wlwse altitude is the distance of its 
centre of gravity from the free surface of the fluid. 

.^ Examples. 

' 1. A hollow sphere is filled with a liquid. How does the pressuie, 
on the interior surface, compare with the weight of the liquid ? 

SOLUTION. 

Denote the radius of the surface, by r, and the weight of a unit of 
the liquid, by tr. The surface pressed is 43rr* / and, its centre of 
gravity is at a distance r from the free surface of the liquid; thence 
the pressure on the interior suriace is equal to, 
w X \.Tii^ X r = ^xwt*. 

But the weight of the liquid is equal to 

That is, the entire pressure is three times the toeight of the Uquid, 
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2. A hollow cylinder, with a circular base, is filled with a liquid. 
How does the pressure on the interior surfoce compare with the 
weight of the liquid ? 

SOLUTION. 

Denote the radius of the base, by r, and tlie altitude, by h. The 
centre of gravity of the lateral surface is at a distance from the upper 
surface of the fluid equal to \h. If we denote the weight of the unit 
of volume of the liquid, by to, we have, for the pressure on the interior 
surface, 

whTCT^ + %wnr . i^' = viierh(r + h). 

But the weight of the liquid is equal to 

Hence, tlie total pressure is — ^^ times the toeighi cf the Uquid, 

KA = r, the pressure is twice the weight 

If r = 2A, the pressure is | of the weight 

If A = 2r, the pressure is three times the weight, and so on. 

In all cases, the pressure exceeds the weight of the liquid. 

3. A right cone, with a circular base, stands on its base, and is 
filled with a liqui^ How does the pressure on the internal surface 
compare with the weight of the liquid? 

SOLUTION. 

Denote the radius of the base, by r, and the altitude, by A, then 
will the slant height be equal to 

Vh^ + r». 
The distance of the centre of gravity of the lateral surface, below 
the free surface of the liquid, is p. If we denote the weight of a unit 
of volume of the liquid, by to, we have, for the total pressure on the 
interior surfiEU^, 

witr*h + iiexrh >/A« + r» = teier?i{r + f >/A' + r»). 

But the weight of the liquid is 

iwitT^h = wiir?i X in 

Sr4'2 \/h* H- r" 
Hence, the total pressure is equal to — times the weight, 

4. Required the relation between the pressure and the weight in 
the preceding case, when the cone stands on its vertex. 

9* 
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(soLunoif. 
The total pressure is 



and, consequently, U is equal to— "*" <tf?)e« i%6 to^^ (>f ^^t^tdL 

r 

5. What is the pressure on the lateral faces of a cubical yessel filled 
Mf ith water, the edge of the cube being 4 feet, and the weight of the 
water e2i lbs. per cubic foot ? Arts. 8000 lbs. 

6. A cylindrical yessel is filled with water. The height of the 
veaselis 4 feet, and the radius of the base 6 feet What is the pres- 
sure on the lateral sur&ce? Am 18850 lbs., nearly. 

0«ntre of Pressure on a Plane Surface. 

147. The centre of pressure on a surface, is the point 
at which the resultant pressure intersects the surface. 

Let ABCD be a plane, pressed by a iiuid on its upper 
surface, AB its intersection with the free surface of the 
fluid, G its centre of gravity, the / ^ 

centre of pressure, and s the area of j .yi^j^^^^ 

an element of the surface at S, De- "^^^s/ *' js / 

note the inclination of the plane to iiu*/ 

the horizontal, by a, the distances from ^v. / 

to AB, by X, from G to AB^ by p, ^^ 

and from S to AB, by r. Denote, ^' ^^ 

also, the area A C, by A, and the weight of a unit of volume 
of the fluid, by w. The distance from G to the free sur- 
face of the fluid, is /? sina, and that of any element of the 
plane, is r sina. 

From the preceding article, we see that the entire pres- 
sure is wAp sina, and its moment, with respect to -4 i?, is, 

wApAna X a?. 

The elementary pressure on s, in like manner, is wsr sina, 
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its moment, with respect to AB, is wsr* sina, and the sum 
of all the elementary moments is, 
w sina 2'(5r'). 
But the resultant moment is equal to the algebraical 
sum of the elementary moments. Hence, 

wApmm X X = wsina J(«r*); 
and, by reduction, 

-^ <-) 

The numerator, is the moment of inertia oiABCD, with 
respect U> AB, and the denominator is the moment of the 
area with respect to the same line. Hence, the distance 
froni the centre of pressure to the intersection of the plane 
with the surfacCy is equal to the moment of inertia of the 
plane, divided hy the moment of the plane. 

If we take AD, perpendicular to ^J5, as an axis of 
moments, denoting the distance of Q from it, by y, and of 
8 from it, by I, we have, 

%oAp sinay = wsina2'(«W) ; 
and, by reduction, 

»=^ w 

The values of x and y determine the centre of pressure. 

It may be observed that x is the distance from AB \xi 
the centre of percussion of the plane, and y is the distance 
from AD to the centre of gravity of the plane. Hence, 
the centre of pressure is the same as the centre of per- 
cussion. 

Examples. 

1. Where is the centre of pressure on a rectangular flood-gate, the 
upper line of the gate coinciding with the surface of the water? 
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It will be on the line joining tlie middle points of the npper and 
lower edges of the gate. Denote its distance from the upper edge, 
by z, the depth of the gate, by 2/, and its mass, by M. The distance 
of the centre of gravity from the upper edge is L 

From example 1, (Art. 123), we have, for the moment of inertia of 
the rectangle, 

But the moment of the rectangle is. 

Ml; 
hence, by division, we have, 

2 = ^^ = 1(20. 

That is, the centre of pressure is two-thirds of the distance from the 
upper to the lower edge of the gate. 

2. Let it be required to find the pressure on a sub- ^g j^ j 
merged gate, ABCDy the plane of the gate being verti- 
cal ; also, the distance of the centre of pressure below 
the surface of the water. 



SOLUTION. 



(T 



iS- 



Let jSr^be the intersection of the plane with the sur- ^ *"(;* 
fece of the water, and suppose the rectangle, ^C7, to be ySs v^ 
prolonged till it reaches EF. Let (7, G\ and C",be the 
centres of pressure of the rectangles EC^ EB, and AG respectively. 
Denote QG'\ by 2, ED^ by a, and EA^ by a'. Denote the breadth 
of the gate, by ft, and the weight of a unit of volume of the water, 
by «J. 

The pressure on EG will be \a^bw^ and the pressure on EB will be 
\a"^hw ; hence, the pressure on -4C7will be, 

which is the pressure required ; from the principle of moments, the 
moment of the pressure on -4(7, is equal to the moment of the pres- 
sure on EG^ minus the moment of the pressure on EB. Hence, 

idtt<a* — a") X 2 = ilyvoa^ X\a- ibwa'* X fa', 



2 = ^: 



which is the required distance from the surface of the water. 
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3. To find the pressure on a gate, when both sides are pressed, the 
water being at different levels on the sides. Also, to find the centre 
of pressure. 



SOLUTION. 

Denote the depth of water on one side, by a, 
and on the other, by a\ the other elements be- 
ing the same as before. 

The total pressure will be, 

Estimating z from G upward, 

2 = .J — _. Am. 

4 A sluice-gate, 10 feet square, is placed vertically, its upper edge 
coinciding with the surface of the water. What is the pressure on 
the upper and lower halves of the gate, respectively, the weight of a 
cubic foot of water being 62i lbs. ? ^ 

Am. 7812.5 lbs., and 23437.5 lbs. 

5. What must be the thickness of a rectangular dam of granite, 
that it may neither rotate about its outer edge, nor slide along its 
base, the weight of a cubic foot of granite being 160 lbs., and the 
coefficient of friction between it and the soil being .6 ? 

soLunoir. 

first, to prevent sliding. Denote the height of the wall, by A, 
and suppose the water to extend from bottom to top. Denote the 
thickness, by ^, and the length, by I. The weight in pounds, will be, 

my. 160; 

and this being exerted through its centre of gravity, the moment of 
the weight with respect to the outer edge, is, 
i/«ifeX 160 = 802^^. 
The pressure of the water against the inner face, in pounds, is 
equal to 

\W x62.5 = ^/a'' X 31.25. 
This pressure is applied at the centre of pressure, which is (exam- 
ple 1) at a distance from the bottom of the wall equal to \h; hence, 
its moment with respect to the outer edge of the wall, is equal to 
lie' X 10.4166. 
The pressure of the water tends to produce rotation outward, and 
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the weight of the wall acts to prevent it. In order that these forces 
may be m ttquilibrium, their moments must be equal ; or, 

eOlhi'^lh* X 10.4166. 
Whence, 

< = Av/.1302 = .36X^ 

Next, to pieyent rotation. The force of friction due to the weight 
Df the wall, is, 

and that the wall may not slide, this must be equal to the pressure 
exerted horizontally against the wall. Hence, 

96UU = dl.25lh\ 
Whence, 

t = .325^. 

If the wall is thick enough to prevent rotation, it is secure against 
sliding. 

6. What must be the thickness of a rectangular dam 15 feet high, 
the weight of the material being 140 lbs. to the cubic foot, when the 
water rises to the top, that the structure may be just on the point of 
overturning ? Ans. 5.7 ft. 

7. The staves of a cylindrical cistern filled with water, are held 
together by a single hoop. Where should the hoop be situated ? 

Ans. At a distance from the bottom equal to one-third of the 
height of the cistern. 

8. Required the pressure of the sea on the cork of an empty bottle, 
when sunk to the depth of 600 feet, the diameter of the cork being 
} of an inch, and a cubic foot of sea-water weighing 64 lbs. ? 

Ans, 134 lbs. 

Buoyant Bffort of Fluids. 

148. Let -4 be a solid, suspended in a fluid. Conceive it 
divided into vertical prisms, whose horizontal sections are 
infinitely small. Each prism is pressed down by 
a force equal to the weight of a column of fluid, 
whose base, (Art 146), is the horizontal section of 
the filament, and whose altitude is the distance 



Afl) 



of its upper surface from the surface of the fluid; Big. is*, 
it is pressed up by a force equal to the weight of a column 
of fluid having the same base, and an altitude equal to the 
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distance of the lower base of the filament from the surface 
of the fluid. The resultant of these pressures is exerted 
vertically upward, and is equal to the weight of a column 
of the fluid, equal in bulk to that of the filament, and 
having its point of application at the centre of gravity of 
the filament; the lateral pressures destroy each other's 
effects; hence, the resultant pressure on the body, is a ver- 
tical force exerted upward, whose intensity is equal to the 
weight of the displaced fluid, and whose point of applica- 
tion is the centre of gravity of the displaced fluid. This 
upward pressure is the buoyant effort of the fluid, and its 
point of application is the centre of huoymicy. The direction 
of the buoyant effort, in any position of the body, is a line 
of support. That line of support which passes through the 
centre of gravity, of the body is the line of rest 

Floating Bodies. 

149. A body immersed in a fluid, is urged downward by 
its weight applied at its centre of gravity, and upward, by 
the buoyant effort of the fluid applied at the centre of 
buoyancy. 

The body can only be in equilibrium when the line 
through the centre of gravity of the body, and the centre 
of buoyancy, is vertical ; in other words, when the line of 
rest is vertical. When the weight of the body exceeds the 
buoyant effort, the body sinks to the bottom; when they 
are equal, it remains in equilibrium, wherever placed. 
When the buoyant effort is greater than the weight, it rises 
to the surface, and, after a few oscillations, comes to rest, 
in such a position, that the weight of the displaced fluid is 
equal to that of the body, when it is said to float The 
upper surface of the fluid is then cdXl^A the plane of fiota- 
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Flg-W. 




Pig.l«. 



tiofif and its intersection with the sur&ce of the body, /he 
line of flotation. 

If a floating body be slightly disturbed from its position 
of equilibrium, the centres of 
gravity and buoyancy are no longer 
in the same vertical Let DE re- 
present the plane of flotation, G 
the centre of gravity of the body, 
(Fig. 126), GH its line of rest, 
and C the centre of buoyancy. 

If the line of support, CB, in- 
tersect the line of rest in Jf, above 
G, as in Fig. 126, the buoyant 
effort and the weight conspire to 
restore the body to equilibrium ; 
in this case, the equilibrium is stable. 

If M is below ff, as in Fig. 127, the buoyant effort and 
the weight conspire to overturn the body ; in this case the 
body, before being disturbed, must 
have been in unstable equilibrium. 

If the centres of buoyancy and grav- 
ity are always on the same vertical, M 
coincides with G (Fig. 128), and the 
body is in iiidiff event equilibrium. The 
limiting position of Jf, obtained by de- 
flecting the body through an infinitely 
small angle, is the metacentre of the 
body. Hence, 

If the metacentre is above the centre 
of gravity, the body is in stable equi- 
librium ; if below the centre of gravity, 
the body is in unstable equilibrium; if the points coincide, 
the body is in indifferent equilibrium. 




Fiff.m. 




Fig. 198. 



Digitized by VjOOQ IC 



HEGHAKICS OF LIQUIDS. 209 

The stability of the floating hody is greater, as the meta* 
centre is higher above the centre of gravity. This con- 
dition is fulfilled in loading ships, by stowing the heavier 
objects near the bottom of the vessel. 

Specific Gravity. 

150. The specific gravity of a body is its relative weight j 
that is, it is the number of times the body is heavier than 
an equivalent volume of some other body, taken as a 
standard. 

The specific gravity of a body is obtained by dividing 
the weight of any volume of the body, by that of an equiv- 
alent volume of the standard. 

For solids and liquids, distilled water is taken as a 
standard. Because this liquid is of different densities at 
difierent temperatures, it becomes necessary to assume a 
standard temperature for it : for a like reason, a standard 
temperature must be taken for the body whose specific 
gravity is to be found. Different standards of temperature 
have been assumed by different writers; we shall adopt 
those assumed by Jamik, who takes for the standard tem- 
perature of water, 4*^ C, or about 39° F., and for the stand- 
ard temperature of the body, 0** C, or 32° F. The former 
is the temperature at which water has a maximum density, 
and the latter is that of melting ice. 

In finding the specific gravity of a body, we first deter- 
mine it with respect to water at any temperature ; this we 
may call the observed specific gravity. We then correct the 
result for the temperature of the water, by means of a 
table of densities of water at different temperatures, that 
at 39° being 1 ; this result we call the apparent specific 
gravity. Finally, we correct this for the temperature of 
the body, and thus find the true specific gravity. 
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Ist Let dhe the density of water at the temperature, ^, 
its density at 39° being 1 ; let « be the observed specific 
gravity of a body referred to water at the temperature, f, 
and let s' be its specific gravity referred to water at 39°. 

Because the specific gravity of a body varies inversely as 
the density of the wat^r to which it is referred, we have, 

8 : s' :: 1 : d; .•. s' = ds. 

That is, to find the apparent specific gravity of a body, 
multiply its observed specific gravity y at tlie tefiiperaturcy t, 
by the correspondifig tabular density of water, 

2dly. Suppose the body to have the same temperature, /, 
as the water to which it is. referred. Denote the volume 
of the body at the temperature, ^, by v', and at 32°, by v ; 
denote the corresponding specific gravities by s' and s. 

Because the specific gravity varies inversely as its vol- 
ume, we have, 

s : s : : V : v: ,\ s =s -. 

V 

That is, tofitid the true specific gravity of a body, multiply 
its apparent specific gravity by the quotient of Us volume 
at the temperature, /, by its volume at 32°. 

This quotient may be found from the body's known rate 
of expansion. 

It is only in nice determinations that it is necessary to 
take account of the latter correction. 

Gases are usually referred to air as a standard ; but as air 
is easily referred to water, we may take distilled water at 
39° F. as a standard for all bodies. 

Sometimes it is convenient to find the specific gravity 
of a body with respect to some other body whose specific 
gravity is already known. In this case the required spe- 
cific gravity is equal to the product of that which is found. 
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by that which is abready known. Thus, if A is m times as 
heavy as JB, and if B is n times as heavy as (7, then will A 
be mn times as heavy as C. 

Methods of finding Specific Gravity. 

151. There are two principal methods of finding the spe- 
: cific gi*avity of a body ; firsi, by means of the balance^ and 
secondly, by means of the hydrometer. The former alone 
can be used for nice determinations, such as are needed in 
the o^ierations of analytical chemistry ; the latter is of 
easier application, and is suflSciently accurate for most prac- 
tical purposes. 

Hydrostatic Balance. 

lit. This balance is similar to that described in Arti- 
cle 68 ; the scale-pans, however, are provided with hooks 
for suspending bodies, as shown in 
the figure. 

In balances of modern construc- 
tion the vessel containing water is 
placed on a movable bench or shelf, 
that strides one of the scale-pans, 

Fig. 189. 

without interfering with its move- 
ments, and the body is then suspended from the beam by a 
thread or wire. In both cases a body attached to the string 
maybe weighed either in the air or in the water, at pleasure. 

Specific Oravity of an Insoluble Body. 

153. Fasten the suspending wire to one scale-pan, or to 
one extremity of the beam, as the case may be, and coun- 
terpoise it by weights in the opx)osite pan. Then attach 
the body to the wire and counterpoise it by weights in the 
other pan; these give the weight of the body in air: next 
immerse the body in water, so as not to touch the contain- 




Digitized by VjOOQ IC 



212 MECHANICS. 

ing vessel ; the buoyant effort of the water will thrust the 
body up with a force equal to the weight of the displaced 
water: restore the equilibrium by weights placed in the 
first pan ; these will give the tveight of the displaced water : 
divide the weight of the body in air by the weight of the 
displaced water, and the quotient will be the observed spe- 
cific gravity. 

Thus, if a piece of copper weigh 2047 grains in air, and 
lose 230 grains when weighed in water, its specific gravity 
i8W.or8.9. 

If the body will not sink in water, determine its weight 
in air, as before; then attach to it a body so heavy that the 
combination will sink ; find the weight of the water dis- 
placed by the combination, and also the weight displaced 
by the heavy body, take their difference, and the result will 
be the weight of the water displaced by the body in ques- 
tion ; then proceed as before. 

Thus, a body weighs 600 grains in air ; when attached to 
a piece of copper, the combination weighs 2647 grains in 
air, and suffers a loss of 834 grains in water, the copper 
alone losing 230 grains. The buoyant effort of the fluid 
exerted on the body is therefore 604 grains, and the specific 
gravity of the body is f gj, or 0.993. 

Spaoifio Gravity of a SolnUe Body. 

1S4. Find its specific gravity with respect to some liquid 
in which it is not soluble ; find also the specific gravity of 
this liquid with respect to water; take the product of 
these, and it will be the specific gravity sought, (Art. 150). 

Thus, if the specific gravity of a body with respect to 
oil be 3.7, and the specific gravity of the oil with respect 
to water be 0.9, the specific gravity of the body is 3.7 X 0.9, 
or 3.33. 
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It is often conyenient to use a saturated solution of the 
substance in question as the auxiliary liquid. 

Specific Oravity of Xiiqnids. 

155. Ist Method. — The most convenient method is by 
the specific gravity bottle. This is a bottle constructed to 
hold exactly 1000 grains of distilled water. Accompany- 
ing it is a brass weight, just equal to the empty bottle. 
To use it, let it be filled with the liquid in question, and 
placed in one scale-pan ; in the other pan place the brass 
counterpoise, and weights enough to balance the liquid; 
divide the number of grains in the weight of the liquid 
by 1000, and the quotient will be the specific gravity. 

Thus, if the bottle filled with a liquid weighs 945 grains, 
beside the counterpoise, its specific gravity is 0.945. 

2d Method. — Take a body, that will sink both in the 
liquid and in water, and which is not acted upon by either ; 
determine its loss of weight, first in the liquid, then in 
water; divide the former by the latter, and the quotient 
will be the specific gravity sought The reason is 
evident 

Thus, if a glass ball lose 30 grains when weighed in 
water, and 24 in alcohol, the specific gravity of the alcohol 
is 1^, or 0.8. 

Sd Method. — Let AB and CD be graduated glass tubes, 
half an inch in diameter, open at both ends. Let their 
upper ends communicate with the receiver 
of an air-pump, and their lower ends dip 
into two vessels, one containing distilled 
water, and the other the liquid whose specific 
gravity is to be determined. Let the air be 
partially exhausted from the receiver by an 
air-pump ; the liquid will rise in the tubes ^' ***• 
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to heights inversely as the specific gravities of the liquids. 
If we divide the height of the column of water hy that of 
the other liquid, the quotient will be the specific gravity 
sought By producing diflferent degrees of rarefaction, 
the columns will rise to diflferent heights, but their ratios 
ought to be the same. We are thus enabled to make a 
series of observations, each corresponding to a diflferent 
degree of rarefaction, from which a more accurate result 
can be had, than from a single observation. 






Specific Oravity of Air. 




15C Take a globe, fitted with a stop-cock, and, by means 
of an air-pump, or condensing syringe, force in as much 
air as is convenient, close the stop-cock, and weigh the 
globe thus filled. Provide a glass tube, graduated to cubic 
inches and decimals of a cubic inch, 
and, having filled it with mercury, 
invert it over a mercury bath. Open 
the stop-cock, and allow the compressed 
air to escape into the tube, taking care 
to place the tube in such a position that 
the mercury without the tube is at the ^* ^• 

same level as within. The reading on the tube gives the 
volume of escaped air. Weigh the globe again, and sub- 
tract the weight thus found from the first weight; this 
diflference is the weight of the escaped air. Having 
reduced the measured volume of air to what it would have 
occupied at a standard temperature and pressure, by rules 
yet to be deduced, compute the weight of an equivalent 
volume of water ; divide the weight of the corrected volume 
of air by that of an equivalent volume of distilled water, 
and the quotient will be the specific gravity sought. 



Digitized by VjOOQ IC 



MECHANICS OF LIQUIDS. 215 

Hydrometen. 

157. A hydrometer is a floating body, used in finding 
specific gravities. Its construction depends on the prin- 
ciple of flotation. Hydrometersareof two kinds. P. Those 
in which the submerged volume is constant. 2°. Those in 
which the weight of the instrument is constant. 

Nicholson's Hydrometer. 

158. This instrument consists of a hollow cylinder, A, 
at the lower extremity of which is a basket, J5, and at the 
upper extremity a wire, bearing a scale-pan, 0, 
At the bottom of the basket is a ball, B, con- 
taining mercury, to cause the instrument to 
float in an upright position. By means of this 
ballast, the instrument is adjusted so that a 
given weight, say 500 grains, placed in the pan, 
C, will sink it in distilled water to a notch, D, 
filed in the neck. 

This instrument is in reality a weighing- 
machine, and as such can be used for determin- ^- i^a. 
ing the approximate weights of bodies within certain Umits ; 
in the instrument described, no body can be weighed whose 
weight exceeds 500 grains. 

To find the specific gravity of a solid, place it in the pan, 
C, and add weights till the instrument sinks, in distilled 
water, to the notch, D, The added weights, subtracted 
from 500 grains, give the weight of the body in air. Place 
the body in the basket, B, which generally has a reticu- 
lated cover, to prevent the body from floating away, and 
add other weights to the pan, until the instrument again 
sinks to the notch, D. The weights last added give the 
weight of water displaced by the body. Divide the first of 
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these by the second^ and the quotient will be the specific 
gravity required. 

To find the specific gravity of a liquid. Having weighed 
the instrument, place it in the liquid, and add weights to 
the scale-pan, till it sinks to />. The weight of the instru- 
ment, plus the weights added, will be the weight of the 
liquid displaced by the instrument. The weight of the in- 
strument added to 500 grains gives the weight of an equal 
volume of distilled water. The quotient of the first by the 
second is the specific gravity required. 

A modification of this instrument, in which the basket, 
B, is omitted, is sometimes used for determining specific 
gravities of liquids only. This kind of hydrometer, known 
as Fahrenheit's hydrometer, is generally made of glass, that 
it may not be acted on chemically by the liquids into which 
it is plunged. 

Scale Areometer. 

1S9. The scale areometer is a hydrometer whose weight 
is constant; the specific gravity of a liquid is made known 
by the depth to which it sinks in it. The instru- ^ 
ment consists of a glass cylinder, A, with a stem, C, h^ 
of uniform diameter. At the bottom of the cylin- 
der is a bulb, B, containing mercury, to make the ">F 
instrument float upright. By introducing a suit- 
able quantity of mercury, the instrument may be 
adjusted so as to float at any desired point of the 
stem. 

When it is designed to determine the specific B^ 
gravity of liquids, both lighter and heavier than Fig. isa. 
distilled water, it is called a universal hydrometer, and is 
so ballasted as to float in distilled water at the middle of 
the stem. This point is marked on the stem with a file, 
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and is numbered 1 on the scale. A liquid is then formed, 
by dissolving salt in water, whose specific gravity is 1.1, 
and the instrument is allowed to float freely in it; the 
point, Ei to which it sinks, is marked on the stem, and the 
. intermediate part of the scale, HE^ is divided into 10 equal 
parts. In like manner a mixture of alcohol and water is 
formed, whose specific gravity is 0.9, the corresponding 
position of the plane of flotation is marked on the stem, 
and the space between it and the division 1 is divided into 
10 equal parts. The graduation is continued, both up and 
down, through the whole length of the stem. The gradua- 
tion is marked on a piece of paper within tlie stem. To 
use this hydrometer, we put it into the liquid and allow It 
to come to rest ; the division of the scale that corresponds 
to the surface of flotation shows the specific gravity of the 
liquid. The hypothesis on which this instrument is gradu- 
ated, is, that the increments of specific gravity are pro- 
portional to the increments of the submerged portion of 
the stem. This hypothesis is only approximately true, but 
it approaches more nearly to the truth as the diameter of 
the stem diminishes. 

When it is only desired to use the instrument for liquids 
heavier than water, the instrument is ballasted so that the 
division 1 shall be near the top of the stem. If it is to be 
used for liquids lighter than water, it is ballasted so that 
the division 1 shall be near the bottom of the stem. In 
this case we determine the point 0.9 by using a mixture of 
alcohol and water, the principle of graduation being the 
same as in the first instance. 

Volumeter. 
160. The volumeter is a modification of the scale areom- 
eter, differing from it only in graduation. The gradua- 

10 
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tion is effeoted as follows: The instrument is placed in 
distilled water, and allowed to come to rest, and the point 
of the stem where the surfece cuts it, is marked 
with a file. The submerged volume is then accu- 
rately determined, and the stem is graduated in 
such manner that each division indicates a volume 
equal to a hundredth part of the volume originally 
submerged. The divisions are then numbered from 
the first mark in both directions, as indicated in 
the figure. To use the instrument, place it in the 
liquid, and note the division to which it sinks; p.^'jL 
divide 100 by the number indicated, and the quo- 
tient will be the specific gravity sought The principle 
employed is, that the specific gravities of liquids are in- 
versely as the volumes of equal weights. Suppose that 
the instrument indicates x parts; then the weight of the 
instrument displaces x parts of the liquid, whilst it dis- 
places 100 parts of water. Denoting the specific gravity 
of the liquid by S, and that of water by 1, we have, 

100 

S : 1 :: 100 : X, ,\ S = —. 

X 

A table may be computed to save performing the divi- 
3ion. 

Densimeter. 

161. The densimeter admits of use when only a small 
portion of the liquid can be had. Its construction differs 
from that of the volumeter, in having a small cup at the 
upper extremity of the stem, to receive the fluid whose 
specific gravity is to be determined. 

The instrument is so ballasted that when the cup is 
empty, the densimeter sinks in distilled water to a point. 
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By near the bottom of the stem. This point is the of 
the instrument The cup is then filled with distilled water, 
and the point, C, to which it sinks, is marked ; the 
space, BCy is divided into any number of equal 
parts, say 10, and the graduation is continued to 
the top of the tube. 

To use the instrument, place it in distilled water, 
and fill the cup with the liquid in question, and j 
note the division to which it sinks. Divide the 
number of this division by 10, and the quotient 
will be the specific gravity required. The principle 
of the densimeter is, that the specific gravity of a 
body of a constant volume is proportional to the ^' ^^ 
volume of water it displaces. 






Oentetimal Alcoometer of Gay Lustac. 

162. This instrument is similar in construction to the 
scale areometer; the graduation, however, is made on a 
different principle. Its object is, to determine the percent- 
age of alcohol in a mixture of alcohol and water. The 
graduation is made as follows: the instrument is first 
placed in absolute alcohol, and ballasted so that it will 
sink nearly to the top of the stem. This point is marked 
100. Next, a mixture of 95 parts of alcohol and 5 of 
water, is made, and the point to which the instrument 
sinks, is marked 95. The intermediate space is divided 
into 5 equal parts. Next, a mixture of 90 parts of alcohol 
and 10 of water is made; the point to which the instru- 
ment sinks, is marked 90, and the space between this and 
95, is divided into 5 equal parts. In this manner, the 
entire stem is graduated by successive operations. The 
spaces on the scale are not equal at different points, but, 
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for a space of five parts, they may be so regarded, without 
sensible error. 

To use the instrument, place it in the mixture of alcohol 
and water, and read the division to which it sinks; this 
will indicate the percentage of alcohol in the mixture. 

In all the instruments, the temperature has to be taken 
into account ; this is effected by tables that accompany the 
different instruments. 

On the principle of the alcoometer, a great variety of 
areometers are constructed, for determining the strength 
of wines, syrups, and other liquids employed in the arts. 

In some nicely constructed hydrometers, the mercury 
used as ballast serves also to fill the bulb of a delicate 
thermometer, whose stem rises into the cylinder of the 
instrument, and thus enables us to note the temperature 
of the fluid in which it is immersed. 

Examples. 

1. A cubic foot of water weighs 1000 ounces. Required the weight 
of a cubical block of stone, whose edge is 4 leet, its specific gravity 
being 2.5. Ans, 10000 lbs. 

2. Required the number of cubic feet in a body whose weight is 
1000 lbs., its specific gravity bemg 1.25. Ans. 12.8. 

3. Two lumps of metal weigh 3 lbs., and 1 lb., and their specific 
gravities are 5 and 9. What will be the specific gravity of an alloy 
formed by melting them together, supposing no contraction of 
volume to take place ? Ans, 5.625. 

4. A body weighing 20 grains has a specific gravity of 2.5. Re- 
quired Its loss of weight in water. Ans, 8 grains. 

5. A body weighs 25 grains in water, and 40 grains in a liquid 
whose specific gravity is .7. What is the weight of the body in 
vacuum ? Ans. 75 grains. 

6. A Nicholson's hydrometer weighs 250 grains, and it requires 
an additional weight of 336 grains to sink it to the notch in the stem, 
in a mixture of alcohol and water. What is the specific gravity of 
the mixture If Ans. .781. 
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7. A block of wood sinks in distilled water till) (^ its volume is 
submerged. What is its specific gravity? Am, .875. 

8. The weight of a piece of cork in air, is f oz. ; the weight of a 
piece of lead in water, is 6^ oz. ; the weight of the cork and lead 
together in water, is 4^ijs oz. What is the specific gravity of the 
cork? Ans. 0.24 

9. A solid, whose weight is 250 grains, weighs in water, 147 grains, 
and, in another fluid, 120 grains. What is the specific gravity of the 
latter fluid? An$. 1.262. 

10. A solid weighs 60 grains in air, 40 in water, and 90 in an acid. 
What is the specific gravity of the acid ? Ans. 1.5. 

The following table is compiled from the Ordnance 
MantiaL 



TABI^ OF SPECIFIC ORAYITIES OF SOLIDS AND LIQUIDS. 



BOTJD8. 


8FBC. ORAT. 


SOLIDS. 


SRC QUAY, 


Antimony, cast 

Brass, cast 

Copper, cast 

Gold, hammered. . . 

Iron, bar 

Iron, cast 

Lead, cast 

Mercury at 32' P. . 
at60\... 

Platina, rolled 

" cast 

Silver, hanmiered. . 
Tin, cast 


6.712 

8.396 

8.788 

19.861 

7.788 

7.207 

11.352 

13.598 

13.580 

22.069 

20.337 

10.511 

7.291 

6.861 

. 1.900 

2.784 

1.270 

3.521 

1.500 

2.168 

1.822 


Limestone 

Marble, common. . . 

Salt, common 

Sand 


3.180 
2.686 
2.130 
1.800 
2.612 
2.520 
0.945 
0.912 
0.596 
0.715 
1.333 
0.854 
1.170 
0.660 
1J817 
1.841 
0.792 
0.715 
1.026 
0.915 
0.870 


Slate 

Stone, common 

Tallow 

Boxwood 

Cedar 

Cherry 

Lignum vita 

Mahogany 

Oak, heart 

Pine, yellow 

Nitric acid 

Sulphuric acid 

Alcohol, absolute... 
Ether, sulphuric. . . 

Sea water 

Olive oil 


Zinc, cast 

Bricks 

Chalk 


Coal, bituminous . . 

Diamond 

Earth, common 

Gypsum 

Ivory 


OQofTurpentme.. 





Thermomet«r. 



163. A THERMOMETER, is an instrument for measuring 
the temperatures of bodies. All bodies expand when heated. 
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and contract when cooled, and, other things being eqnal, 
always occupy the same volumes at the same temperatures. 
Different bodies expand and contract in different ratios 
for equal increments of temperature. As a general rule, 
liquids expand more rapidly than solids, and gases more 
rapidly than liquids. The construction of the thermom- 
eter depends on this principle of unequal expansibility of 
bodies. A great variety of forms have been used, only one 
of which will be described. 

The mercurial thermometer consists of a bulb. A, at the 
upper extremity of which is a tube of uniform bore, 
hermetically sealed at its upper end. The bulb 
and tube are nearly filled with mercury, and to 
the whole is attached a frame, on which is a scale 
for temperature. 

A thermometer may be constructed as follows : 
A tube of uniform bore is selected, and on one 
extremity a bulb is blown, which may be cylin- 
drical, or spherical ; the former shape is, on many 
accounts, the preferable one. At the other ex- 
tremity, a conical-shaped funnel is blown, open at 
top. The funnel is filled with mercury, which 
should be of the purest quality, and the whole ^^ ^^ 
being held vertical, the heat of a spirit-lamp is 
applied to the bulb, which expanding -the air contained in 
it, forces a portion in bubbles up through the mercury in 
the funnel. The instrument is next allowed to cool, when 
a portion of mercury is forced down the tube into the 
bulb. By a repetition of this process, the entire bulb may 
be filled with mercury, as well as the tube itself. Heat is 
then applied to the bulb, until the mercury is made to 
boil; and, on being cooled down to a little above the 
highest temperature that it is desired to measure, the 
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top of the tube is melted off by a jet of flame, urged by a 
blow-pipe, and the whole hermetically sealed. The instru- 
ment, thus prepared, is attached to a frame, and graduated 
as follows: 

The instrument is plunged into a bath of melting ice, 
and, after remaining a sufficient time for the instrument to 
take the temperature of the ice, the height of the mercury 
in the tube is marked on the scale. This gives the freezing 
point. The instrument is next plunged into a bath of 
boiling water, and allowed to remain long enough to 
acquire the temperature of the water and steam. The 
height of the mercury is then marked on the scale. This 
gives the boiling point The freezing and boiling points 
having been determined, the intermediate space is divided 
into a certain number of equal parts, according to the 
scale adopted, and the graduation is continued, both up 
and down, to any desired extent 

Three principal scales are used. Fahrenheit's scale^ 
in which the space between the freezing and boiling point 
is divided into 180 equal parts, called degrees, the freezing 
point being marked 32^, and the boiling point 212°. In 
this scale, the point is 32 degrees below the freezing 
point The Centigrade scale, in which the space between 
the fixed points is divided into 100 equal parts, called 
degrees. The of this scale is at the freezing point 
Reaumur's scale, in which the same space is divided into 
80 equal parts, called degrees. The of this scale also is 
at the freezing point. 

If we denote the number of degrees on the Fahrenheit, 
Centigrade, and Reaumur scales, by F, C, and R respect- 
ively, the following formula will enable us to pass from 
any one of these scales to any other : 

i(i^° - 32°) = |r;° = Ji?° 
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The scale most in use in this country is Fahrenheit's. 
The other two are used in Europe, particularly the Centi- 
grade scale. 

Velooitj of a Iiiquid through a small Orifice. 

164. Let ABD be a vessel, having a small orifice at its 
bottom, and filled with a liquid. 

Denote the cross section of the orifice, by a, and its 
depth below the upper surface, by A. Let 2> be an infi- 
nitely small layer of the liquid at the orifice, and 
denote its height, by A'. This layer is (Art 146) 
urged downward by a force equal to the weight of 
a column of the liquid whose base is the orifice, 
and whose height is h ; denoting this pressure, by 
Py and the weig}it of a unit of volume of the 

liquid, by w, we have, 

p = wah. 

Were the element pressed downward by its own weight 

alone, the pressure being denoted by p\ we should have, 

p' = wah'. 

Dividing the former by the latter, we have, 

p' " W' 
that is, the pressures are as the heights h and h'. 

Let us suppose, the element falls through the height, h\ 
first under the action of the force, /?, and then under the 
action of the force, p'. Denoting the velocities generated, 
by V and v\ we have, (Art 104), 

V = ^/2ph'y and, v' = V2pT'; 
whence, by reduction, 

V \ if :: \/p : Vp'y a t; = v'r r?. 
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But, when the element falls under the action of o',or its 
own weight, we have, 

Substituting this volume, v', and replacing—, by its value, 
T7> we have, after reduction. 

Hence, a liquid issues from an orifice in the bottom of a 
vessel, with a velocity equal to that acquired by a body in 
falling throu^gh a height equal to the distance of the orifice 
beloto the free surface. 

We have seen that the pressure due to the weight of a 
fluid on any point of the surface of a vessel, is normal to 
the surface, and is proportional to the depth of the point 
below the free surface. Hence, if an orifice be made at 
any point, the liquid will flow out in a jet, normal to the 
surface at that point, and with a velocity due to the dis- 
tance of the orifice from the free surface of the fluid. 

If the orifice is on a vertical side of a vessel, the initial 
direction of the jet will be horizontal ; if it be at a point 
where the tangent plane is oblique 
to the horizon, the initial direc- 
tion of the jet will be oblique ; if 
the opening is on the upper side 



ffl 



\B 






of a portion of a vessel where the ^^' ^^ 

tangent is horizontal, the jet will be directed upward, and 
will rise to a height due to the velocity; that is, to the 
height of the upper surface of the fluid. 

( 
Modifioation due to Eztranaoiu Pressure. 

1C5. If the upper surface of the liquid, in any of the 
preceding cases, be pressed by a force, as when it is urged 

10» 
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downward by a piston, we may denote the height of a col- 
umn of the fluid whose weight is equal to the extraneous 
pressure, by h'. The velocity of efflux will then be given 
by the equation. 

The pressure of the atmosphere acts equally on the 
upper surface and the opening ; hence, in ordinary cases, 
it may be neglected ; but were the liquid to flow into a 
vacuum, or into rarefied air, the pressure must be taken 
into account, and this may be done by means of the for- 
mula just given. 

Should the flow take place into condensed air, or into 
any medium which opposes a greater resistance than the 
atmospheric pressure, the extraneous pressure would act 
upward, h' would be negative, and the preceding formula 
would become, 

Sponting of Uquids on a Horizontal Plane. 

IM. Let KL be a vessel filled with water, D an orifice 
in its vertical side, and DE the path of the si)outing fluid. 
We may regard each drop as a projectile 
shot forth horizontally, and then acted 
on by gravity. Its path is, therefore, a 
parabola, and the circumstances of its 
motion are made known by equations 
(89) and (94). — ""^^ ITi" 

Denote DK, by h', and DLy by h. We Fig. m 

have, from equation (94), by making y equal to A', and 

X = KEy 

KEz 
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But we have found v = V^; hence, hy substitution, 

If we describe a semicircle on KL^ and through D draw 
an ordinate, />//, we have, from a property of the circle, 

DH^ ^/DK . DL = Vhh'. 

Hence we have, by substitution, 

KE^WH. 

Since there are two points on KL at which, the ordinates 
are equal, there must be two orifices through which the 
fluid will spout to the same distance on the horizontal 
plane ; one of these is as far above the centre, 0, as the 
other is below it. 

If the orifice be at 0, midway between K and X, the 
ordinate, OS, will be greatest possible, and the range, KE\ 
will be a maximum. The range in this case will be equal 
to the diameter of the circle, LHK, or to the distance from 
the surface of the water in the Vessel to the horizontal 
plane. 

If the jet is directed obliquely upward by a short pipe. 
Ay (Pig. 138), the path described by each particle will still 
be the arc of a parabola, ABC. Since each particle of the 
liquid may be regarded as a body projected obliquely up- 
ward, the nature of the path and the circumstances of the 
motion will be given by equation (89). 

If a semi-parabola, LE'y is described, having its axis ver- 
tical, its vertex at L, and focus at Ky then may every point, 
P, within the curve, be reached by two separate jets issuing 
from the side of the vessel ; every point on the curve can 
be reached by one, and only one ; points lying without the 
curve cannot be reached by any jet whatever. 

In like manner, the same equation will make known the 
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nature of the path and the circnmstances of motion, when 
the jet is directed obliquely downward by a short tube. 

Ooefficientf of Efflux and Velooitj. 

167. When a vessel empties itself by a small orifice at the 
bottom, it is observed that the particles of fluid near the top 
descend in vertical lines ; when they approach the bottom 
they incline toward the orifice, the converging lines of par- 
ticles tending to cross each other as they emerge from the 
vessel. The result is, the stream grows narrower, after 
leaving the vessel, until it reaches a point at a distance 
from the vessel equal to about the radius of the orifice, 
when the contraction becomes a minimum, and below that 
point the vein again spreads out. This phenomenon is 
called, contraction of the vein. The cross section at the 
most contracted part is not far from -^ of the area of the 
orifice, when the vessel is very thin. If we denote the area 
of the orifice, by a, and the area of the least cross section 
of the vein, by a', we have, 

a' = kay 

in which ^ is a number to be determined by experiment. 
This number is called the coefficient of contraction. 

To find the quantity of water discharged through an 
orifice at the bottom of the containing vessel, in one 
second, we multiply the smallest section of the vein by the 
velocity. Denoting the quantity discharged in one second, 
^y Q'> ^^ have, 

Q' = kaV2gL 

This formula is only true on the supposition that the 
actual velocity is the same as the theoretical velocity, which 
is not the caoe, as has been shown by experiment The 
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theoretical velocity is equal to V^^, and if we denote the 
actual velocity, by v\ we have, 

in which I is to be determined by experiment ; this value 
of I is slightly less than 1, and is called the coefficient of 
velocity. In order to get the actual discharge, we must re- 
place V^gh by l^/^ghy in the preceding equation. Doing 
so, and denoting the actual discharge per second, by Q, we 
have, 

Q = Jcla V^. 

The product, Jclj is called the coefficient of efflux. It has 
been shown by experiment, that this coeflBcient for orifices 
in thin plates, is not quite constant. It decreases slightly, 
as the area of the orifice and the velocity are increased ; 
and it is further found to be greater for circular orifices 
than for those of any other shape. 

If we denote the coefficient of efflux, by wi, we have, 

Q = Dia ^/%gh. 

In this equation, h is called Jiead of neater. Hence, we 
may define the Jiead of water to be the distance from the 
orifice to the plane of the upper surface of the fluid. 

The mean value of m corresponding to orifices of from 
^ to 6 inches in diameter, with from 4 to 20 feet head of 
water, has been found to be about .615. If we take k = .64, 
we have, 

' - >fc - .640 " •^^• 

That is, the actual velocity is only ^^ of the theoretical 
velocity. This diminution is due to friction, viscosity, &c. 
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SflltuE through Short Tabes. 

168. It is found that the discharge from a giyen orifice 
increases, when the thickness of the plate through which 
the flow takes place increases ; also, when a short tube is 
introduced. 

When a tube, AB, is employed not more than four times 
as long as the diameter of the orifice, the value of m be- 
comes, on an average, equal to .813 ; that , 
is, the discharge per second is 1.325 times ' — "^v!^ — 
as great, when the tube is used, as without 3^ 
it In using the cylindrical tube, the con- ^^^ 
traction takes place at the outlet of the Fig. 140. 
vessel, and not at the outlet of the tube. 

Compound mouth-pieces are sometimes I | 

formed of two conic frustums, as shown ^.\;;/^ 

in the figure, having the form of the vein. r^ 

It has been shown by Etelwein, that the •''';;:•;.. 

most eflfective tubes of this form should sig.wi. 

have the diameter, CD, equal to .833 of AB, The angle 
made by the sides, CF and DJE, should be about 5°, and 
the length of this portion should be three times that of the 
other. 

Examples. 

1. With what theoretical veloci^ will water issue from a small 
orifice 16^ feet below the surface of the fluid ? Ans, 82^ ft 

2. If the area of the orifice, in the last example, is -jV of a square 
foot, and the coefficient of efflux .616, how many cubic feet of water 
will be discharged per minute? Ans, 118.695 ft. 

3. A vessel, constantly filled with water, is 4 feet high, with a 
cross section of one square foot; an (Nifice in the bottom has an area 
of one square inch. In what time will three-fourths of the water be 
drawn off, the coefficient of efflux being .6 ? 

Ans. i minute, nearly. 

4. A vessel is kept constantly full of water. How many cubic feet 
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will be discharged per minute from an orifice 9 feet below the upper 
surface, having an area of one square inch, the coefficient of efflux 
being .6 It Ans. 6 cubic feet, about 

5. In the last example, what will be the discharge per minute, if 
we suppose each square foot of the upper surface to be pressed by « 
force of 645 lbs. ? Ans, 8} cubic feet, about 

, 6. The head of water is 16 feet, and the orifice is ^iJf of a square 
foot What quantity of Mater will be discharged per second, when 
the orifice is through a thin plate? 

SOLUTIOK. 

In this case, we have, 



Q = .615 X .01 V2 X 32i X 16 = .197 cubic feet 
When a short cylindrical tube is used, we have, 
C = .197 X 1.825 = .261 cubic feet 

Capillary Phenomena. 

169. When a liquid is in equilibrimn, nnder the action 
of its own weight, it has been shown that its upper surface 
is level. It is observed, however, in the neighborhood of 
solid bodies, such as the walls of a vessel, that the surface 
is sometimes elevated, and sometimes depressed, according 
to the nature of the liquid and solid in contact These 
elevations and depressions result from the action of mo- 
lecular forces, exerted between the particles of the liquid 
and solid in contact; from the fact that they are more 
apparent in small tubes, of the diameter of a hair, they 
have been called capillary phenomena^ and the forces giv- 
ing rise to them, capillary forces. 

The following are some of the observed effects of capil- 
lary action : When a solid is plunged into a liquid capable 
of moistening it, as when glass is plunged into water, the 
surface of the liquid is heaped up about the solid, taking 
a concave form, as shown in Fig. 142. 

When a solid is plunged into a liquid not capable of 
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moistening it, as when glass is plunged into mercury, the 
surface of the liquid is depressed about the 
solid, taking a convex form, as shown in 
Fig. 143. 

The surface of the liquid in the neighbor- Pig. 142. 
hood of the surfaces of the containing ves- 
sel takes the concave or convex form ac- 
cording as the material of the vessel is 
capable of being moistened, or not, by the 
liquid. 

Fig. 148. 

These phenomena become more apparent 
when we plunge a tube into a liquid ; according as the tube 
is, or is not, capable of being moistened by the liquid, the 
liquid will rise in the tube, or be depressed in it. When 
the liquid rises in the tube, its upper surface takes a con- 
cave shape ; when it is depressed, it takes a convex form. 
The elevations, or depressions, increase as the diameter of 
the tube diminishes. 

Znevation and DepresBion between Plates. 

170. If two plates of any substance be placed parallel to 
each other, it is found that the laws of ascent and descent 
of the liquid into which they are plunged, are the same as 
for tubes. For example : if two plates of glass parallel to 
each other, and pretty close together, are plunged into 
water, it is found that the water will rise between them to 
a height, inversely proportional to their distance apart; 
and further, that this height is equal to about one-half 
the height to which water would rise in a glass tube whose 
internal diameter is equal to the distance between the 
plates. 

If the same plates be plunged into mercury, there will be 
a depression according to a corresponding law. 
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If two plates of glass, AB and ACy inclined to each 
other, as shown in Fig. 144, be plunged into a liquid that 
will moisten them, the liquid will rise 
between them. It will rise higher near 
the junction, the surface taking a 
curved form, such that any section 
made by a plane through AD, will bo ^* ^^ 

an equilateral hyperbola. 

If the line of junction of the two plates is horizontal, a 
small quantity of a liquid that will moisten 
them, assumes the shape shown at A ; if it do 
not moisten them, it takes the form shown -*^C? 
at B. ^' ^^ 

Attraction and Repulsion of Floating Bodiei. 

171. If two small balls of wood, both of which can be 
moistened by water, or two small balls of wax, that cannot 
be moistened, be placed in a vessel of water, and brought 
so near each other that the surfaces of capillary elevation, 
or depression interfere, the balls will attract each other 
and come together. If one ball of wood and one of wax 
be brought so near that the surfaces of capillary elevation 
and depression interfere, the bodies will repel each other, 
and separate. If two needles be carefully oiled and laid 
on the surface of water, they will repel the water from 
their neighborhood, and float If, whilst floating, they 
are brought suflBciently near to each other to permit the 
surfaces of capillary depression to interfere, the needles 
will immediately rush together. The reason of the needles 
floating is, that they repel the water, heaping it up on each 
side, thus forming a cavity in the surface; the needle is 
buoyed up by a force equal to the weight of the displaced 
fluid, and, when this exceeds the weight of the needle,* it 
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floats. On this principle certain insects move freely over 
a sheet of water; their feet are labricated with an oily sub- 
stance which repels the water, producing a hollow around 
each foot, and gives rise to a buoyant effort greater than 
the weight of the insect 

The principle of mutual attraction between bodies, both 
of which repel water, or both of which attract it, accounts 
for the fact that small floating bodies have a tendency to 
collect in groups about the borders of the containing ves- 
sel. When the material of which the vessel is made, exer- 
cises a different capillary action from that of the floating 
particles, they will aggregate themselves at a distance from 
the surface of the vesseL 

Applioationi of the Principles of Oapillartty. 

171. It is a consequence of capillary action that water 
rises to fill the pores of a sponge, or lump of sugar. The 
same principle causes oil to rise in the wick of a lamp, 
which is but a bundle of fibres very nearly in contact, 
leaving capillary interstices between them. 

The siphon filter is the same, in principle, as the wick of 
a lamp. It consists of a bundle of fibres like a lamp-wick, 
one end of which dips into the liquid to be filtered, whilst 
the other hangs over the edge of the vesseL The liquid 
ascends the fibrous mass by capillary attraction, and con- 
tinues to advance till it reaches the overhanging end, when, 
if this is lower than the upper surface of the liquid, it 
will fall by drops from the end of the wick, the impurities 
being left behind. 

The principle of capillary attraction is used for splitting 
rocks and raising weights. To employ this principle in 
cleaving mill-stones, as is done in France, the stone is first 
dressed to the form of a cylinder of the required diameter. 
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Grooves are then cut aronnd it where the divisions are to 
take place, and into these grooves thoroughly dried wedges 
of willow-wood are driven. On being exposed to the 
action of moisture, the cells of the wood absorb water, 
expand, and finally split the rock. 

To raise a weight, a thoroughly dry cord is fastened to 
the weight, and then stretched to a point above. If the 
cord be moistened, the fibres absorb moisture, expand 
laterally, the rope is diminished in length, and the weight 
raised. 

The principle of capillary action is also employed in 
metallurgy, in purifying metals, by cupellation. 

Bndosmose and Bzosmose. 

178. The names endosmose and exosmoae have been 
given to currents, flowing in contrary directions between 
two liquids, when separated by a porous partition, either 
organic or. inorganic. The discovery of this phenomena is 
due to M. DuTROCHET, who called the flowing in, endos- 
mose, and the flowing out, exosmose. The existence of 
the currents was established by an instrument, to which 
he gave the name endosmameter. This instrument con- 
sists of a tube of glass, at one end of which is attached a 
membranous sack, secured by a ligature. If the sack be 
filled with gum water, a solution of sugar, albumen, or 
almost any solution denser than water, and then plunged 
into water, it is observed, after a time, that the fluid rises 
in the stem, and is depressed in the vessel, showing that 
water has entered the sack by passing through the pores. 
By applying suitable tests, it is also found that a portion 
of the liquid in the sack has passed through the pores 
into the vessel. 

Two currents are thus established. If the operation be 
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reversed, and the bladder and tube be filled with pnre 
water, the liquid in the vessel will rise, whilst that in the 
tube falls. The phenomena of endosmose and exosmose 
are extremely various, and serve to explain a great variety 
of interesting facts in animal and vegetable physiology. 
The cause of the currents, is the action of molecular forces 
between the particles of the bodies employed. 
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CHAPTER VIIL 

IIECHANICS OF GASES AKD VAPOES. 

Gases and Vapora. 

174. Gases and vapors are distinguished from other 
fluids, by their great compressibility, and correspondingly 
great elasticity. These fluids continually tend to occupy 
a greater space ; this expansion goes on till counteracted 
by some extraneous force, as that of gravity, or the resist- 
ance offered by a containing vessel. 

The force of expansion, common to gases and vapors, is 
called their tension, or elastic force. We shall take for the 
unit of this force, at any point, the pressure that would 
be exerted on a square inch, were the pressure the same at 
every point of the square inch as at the point in question. 
If we denote this unit, by p, the area pressed, by a, and the 
entire pressure, by P, we have, 

P = ap (121) 

Most of the principles demonstrated for liquids hold 
good for gases and vapors, but there are certain properties 
arising from elasticity that are peculiar to aeriform fluids, 
some of which it is now proposed to investigate. 

Atmospheric Air. 

175. The gaseous fluid that envelops our globe, and 
extends on all sides to a distance of many miles, is called 
the atmosphere. It consists principally of nitrogen and 
oxygen, together with small but variable portions of watery 
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vapor and carbonic acid^ all in a state of mixture. On 
an average, it is found that 1000 parts by volume of 
atmospheric air, taken near the surface of the earth, con- 
sist «f about, 

788 parts of nitrogen, 

197 parts of oxygen, 
14 parts of watery vapor, 
1 part of carbonic acid. 
The atmosphere may be taken as a type of gases, for it 
is found that the laws regulating density, expansibility, 
and elasticity, are the same for all gases and vapors, so 
long as they maintain a purely gaseous form. It is found, 
however, in the case of vapors, and of those gases which 
have been reduced to a liquid form, that the law changes 
just before actual liquefaction. 

This change appears somewhat analogous to that 
observed when water passes from the liquid to the solid 
form. Although water does not actually freeze till 
reduced to a temperature of 32° Fah., it is found that 
it reaches its maximum density at about 39°, at which 
temperature the particles seem to commence arranging 
themselves according to new laws, preparatory to taking 
the solid form. 

Atmospheric Pressure. fi 

174. If a tube, 35 or 36 inches long, open at j. 
one end and closed at the other, be filled with 
pure mercury, and inverted in a basin of the same, 
the mercury will fall in the tube until the vertical 
distance from the surface of the mercury in the 
tube to that in the basin is about 30 inches. This 
column of mercury is sustained by the pressure of 
the atmosphere exerted on the surface of the mer- 



Fig. 14«. 
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cury in the basin, and transmitted throngh the fluid, accord- 
ing to the general law of transmission of pressures. The 
column of mercury sustained by the elasticity of the 
atmosphere is called the barometric column, because it is 
generally measured by an instrument called a barometer^ 
In fact, the instrument just described, when provided 
with a suitable scale for measuring the height of the 
column, is a complete barometer. The height of the baro- 
metric column fluctuates somewhat, even at the same 
place, on account of changes of temperature, and other 
causes yet to be considered. 

Observation has shown, that the average height of the 
barometric column at the level of the sea, is a trifle less 
than 30 inches. 

The weight of a column of mercury 30 inches high, 
having a cross section of one inch, is nearly 15 pounds. 
Hence, the unit of atmospheric pressure is 15 pounds. 

This unit is called an atmosphere, and is often employed 
in estimating the pressure of elastic fluids, particularly 
steam. Hence, to say that the pressure of steam in a boiler 
is two atmospheres, is equivalent to saying, that there is a 
pressure of 30 pounds on each square inch of the interior 
of the boiler. In general, when we say that the tension of 
a gas or vapor is n atmospheres, we mean that each square 
inch is pressed by a force of n times 15 pounds. 

Mariotte's Ijaw. 

177. When a given mass of gas or vapor is compressed 
so as to occupy a smaller space, its elastic force is increased ; 
if its volume is increased, its elastic force is diminished. 

The law of increase and diminution of elastic force, dis- 
covered by Mariotte, and bearing his name, may be 
enunciated as follows : 
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The elastic force of a given mass of gas, whose tem- 
perature refnains the same, varies inversely as the volume 
it occupies. 

As long as the mass remains the same, its density varies 
inversely as its volume. Hence, 

The elastic force of a gas, whose temperature remains tlie 
same, varies as its density ; and conversely, %ts density 
varies as its elastic force. 

Maiuotte's law may be verified for atmospheric air, by 
an instrument called Mariotte's Tube. This is a tube, 
A BCD, of uniform bore, bent so that its two 
branches are parallel to each other. The shorter 
branch, AB, is closed at its upper extremity, 
whilst the longer one is open. Between the two 
branches, and attached to the frame, is a scale of 
equal parts. 

To use the instrument, place it in a vertical 
position, and pour mercury into the tube, until 
it just cuts off communication between the two 
branches. The mercury will then stand at the 
same level, BC, in both branches, and the tension ^^' ^^' 
of the air in AB, will be exactly equal to that of the ex- 
ternal atmosphere. If an additional quantity of mercury 
be poured into the longer branch, the air in the shorter 
branch will be compressed, and the mercury will rise in 
both branches, but higher in the longer, than in the 
shorter one. Suppose the mercury to have risen in the 
shorter branch, to K, and in the longer one, to P. There 
will be an equilibrium in the mercury lying below the 
horizontal plane, KK ; there will also be an equilibrium 
between the tension of the air in AK, and the forces which 
give rise to that tension. These forces are, the pressure of 
the external atmosphere, transmitted through the mercury, 



Digitized by VjOOQ IC 



P|5 

M-S 



MECHANICS OF GASES AND VAPOES. 241 

and ihe weight of a column of mercury whose b^se is the 
cross section of the tube, and whose altitude is PK. If we 
denote the height of the column of mercury sustained by 
<^e pressure of the external atmosphere, by A, the tension 
of the air in AK, will be measured by the weight of a 
column of mercury, whose base is the cross section of the 
tube, and whose height is A + PK. Since the weight is 
proportional to the height, the tension of the confined air 
is proportional to A + PK. 

Now, whatever may be the value of PK^ it is found that, 

AK : AB :: h : h + PIT; 
whence, 

-^"^-h+PK' 

If PIT = A, we have, AIT =:iAB; if PIT— 2A, we have, 
Air=:iAB J if PE = nh, n being any positive number, 

entire or fractional, we have, AKz= -. This formula, 

jv "T" J. 

deduced from Mariotte's law, was verified by Dulong and 
Arago for all values of w, up to » = 27. The law may 
also be verified when the pressure is less than an atmos- 
phere, by the following apparatus : AK is a tube of uni- 
form bore^ closed at its upper and open at its lower 
extremity; VD is a deep cistern of mercury. 



i 



B 



The tube, AK^ is either graduated into equal 
{^rts, commencing at A^ or has attached to it a 
scale of brass or ivory. 

To use the instrument, pour mercury into the 
tube till it is nearly full ; place the finger over the 
open end, invert it in the cistern, and depress it 
till the mercury stands at the same level without 
and within the tube, and suppose the surface of 
the mercury in this case to be at B, Then will fik. 148. 

11 
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the tension of the air in AB, be equal to that of the ex- 
ternal atmosphere. If the tube be raised vertically, the air 
in ^^ will expand, its tension will diminish, and the mer- 
cury will fedl in the tube, to maintain the equilibrium. 
Suppose the level of the mercury in the tube, to have 
reached JT. In this position of the instrument the tension 
of the air in AlCy added to the weight of the column of mer- 
cury, £11, will be equal to the tension of the external air. 
Now, it is found, whatever may be the value of ITB, that 

AIC : AB :: h : h -EK; 
whence, 

AB.h 

h-EK 
If EK= iA, we have, AK=z%AB; if EK=z\hy we 

have, -4Jr= ^AB; in general, if EK'=. — —J^y we have, 
AKz=.AB{n^\). 

This formula has been verified, for all values of w, up to 
w=lll. 

It is a law of Physics that, when a gas is suddenly com- 
pressed, heat is evolved, and when a gas is suddenly 
expanded, heat is absorbed; hence, in making the experi- 
ment, care must be taken that the temperature be kept 
uniform. 

More recent experiments have shown that Mariotte's law 
is not strictly true, especially for high tensions, yet its vari- 
ation is so small that the error committed in regarding it 
as true is not appreciable in any practical case. 

Oay Ijnssao's Ijaw. 

178. If the volume of any gas or vapor remain the same, 
and its temperature be increased, its tension is increased 
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also. If the pressure remain the Bame, the volume of the 
gas increases as the temperature is raised. The law of in- 
crease and diminution, as deduced by Oay Lussac, whose 
name it bears, may be enunciated as follows : 

In a given mass of gas, or vapor, if the volume remain 
the same, the tension varies as the temperature ; if the ten- 
sion remain the same, the volume varies as the temperature. 

According to Regnault, if a given mass of air be heated 
from 32® Fahrenheit to 212°, the tension remaining con- 
stant, its volume will be increased by the .3665th part of 
its volume at 32°. Hence, the increase for each degree of 
temperature is the .00204th part of its volume at 32°. If 
we denote the volume at 32°, by v, and the volume at the 
temperature, t', by v', we have, 

t;' = v[l + .00204(^'-.32)] (122) 

Solving with reference to v, we have, 

v' 
^ "^ 1 + .00204(^ - 32) ^^^^ 

Formula (123) enables us to compute the volume of a 
mass of air at 32°, when we know its volume at the temper- 
ature, t', the pressure remaining constant 

To find the volume at the temperature, f, we have sim- 
ply to substitute t" for t' in (122). Denoting this volume 
by v", we have, 

v" = v[l + .00204(r . . 32)]. 
Substituting for v its value, from (li^3;, we get, 

_ , l + .00204(r-32) 
'' - '^l + .00204(<'-32) <^^> 

This formula enables us to compute the volume of a 
mass of air, at a temperature, t", when we know its volume 
at the temperature, f ; and, since the density varies in- 
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Tersely as the volume, we may also, by tiieani of tiie same 
formula, find the density of any mass of air, at the temper- 
ature, i\ when we have given its density at the temper- 
ature, t\ 

Manometers. 

179. A manometer is an instrument for measuring the 
tension of gases and vapors, particularly of steam. Two 
principal varieties of manometers are used for measuring 
the tension of steam, the open^ and the cUsed manometer. 

The open Blanometer. 

180. The open manometer consists of an open glass 
tube, ABj terminating near the bottom of a cistern, EF. 
The cistern is of wrought-iron, steam tight, 
and filled with mercury. Its dimensions 
are such, that the upper surface of the mer- 
cury will not be materially lowered, when a Bj*, 
portion of the mercury is forced up the tube. . . 
ED is a tube, by means of which, steam may 
be admitted from the boiler to the surface 
of the mercury in the cistern. This tube is 
sometimes filled with water, through which jj^ 
the pressure of the steam is transmitted to '^^ i«. 
the mercury. 

To graduate the instrument. All communication with 
the boiler is cut off, by closing the stop-cock, E^ and com- 
munication with the external air is made by opening the 
stop-cock, D, The point of the tube, AB^\o which the 
mercury rises, is noted, and a distance is laid off, upward, 
from this point, equal to what the barometric column 
wants of 30 inches, and the point, H, thus determined, is 
marked 1. This point will be very near the surfiice of the 
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mercurj iu tb^ cistern. From the point, //, distances of 
30, 60, 90, &c., inches are laid off upward, and the corre-» 
sponding points numbered 2, 3, 4, &c. These divisions 
correspond to atmospheres, and may be subdivided into 
tenths and hundredths. 

To use the instrument, the stop-cock, D, is closed, and 
comm^mication made with the boiler, by opening the stop- 
cock, B. The height to which the merqury rises in the 
tube indicates the tension of the steam in the boiler, which 
may be read from the scale in terms of atmospheres and 
decimals of an atmosphere. If the pressure in pounds is 
wished, it may at once be found by multiplying the read- 
ing of the instrument by 15. 

The principal objection to this kind of manometer is its 
want of portability, and the great length of tube required, 
when high tensions are to be measured. 

The closed Manometer. 

181. The ge^eral ponstruction of the closed manometer 
is the same as that of the open manometer, e^o^t that 
the tube, AB, is closed at the top. The air confined in 
the tube, is compressed in the same way as in Mariotte's 
tube. 

To graduate this instrument We determine the divi- 
sion, Hy as before. The remaining divisions are Ibund by 
applying Marxotte's law. 

Denote the distance in inches^ from -JT to the top of the 
tube, by I; the pressure on the mercury, in atmospheres, 
by n, and the distance in inches, from JST to the upper 
surface of the mercury in the tube, by x. 

The tension of the air in the tube is equal to that on 
the mercury in th^ cistern, diminished by the weight of a 
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coltimn of mercury whose altitude is x. Hence, in atmos- 
pheres, it is 

X 

"-30- 

The bore of the tube being uniform, the volume of the 
compressed air is proportional to its height. When the 
pressure is 1 atmosphere, the height is 7; when the pres- 

X 

sure is w — r^ atmospheres, the height is I— x. Hence, 
from Mariotte's law. 

Whence, by reduction, 

a;' - (30w + Z)a; = — 30Z(» — 1). 
Solving, with respect to a:, we have, 

30;i 4- / . A/~~^t ,, , mn + W 
X = — ^ — =^ T - 30Z(7j ~ 1) + y ^ — j. 

The upper sign of the radical is not used, as it would 
give a value for a:, greater than I, Taking the lower sign, 
and assuming Z = 30 in., we have, 



X = Ibn + 15 - V-900(n-l) + (15n + 15)'. 

Making n = 2, 3, 4, &c., in succession, we find for x, the 
values, 11.46 in., 17.58 in., 20.92 in., &c. These distances 
being set off from Hy upward, and marked 2, 3, 4, &c., 
indicate atmospheres. The intermediate spaces may be 
subdivided by the same formula. 

In making the graduation, we have supposed the tem- 
perature to remain the same. If, however, it does not 
remain the same, the reading of the instrument must be 
corrected by a table computed for the purpose. 

The instrument is used in the same manner as that 
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already described. Neither can be used for measuring 
tensions less than 1 atmosphere. 

The Siphon Oaage. 

I8J. The siphon gauge is used to measure tensions of 
gases and vapors, less than an atmosphere. It consists of 
a tube, ABC^ bent so that its two branches are 
parallel. The branch, BCy is closed at the top, 
and filled with mercury, which is retained by the 
pressure of the atmosphere ; the branch, A By is 
open at the top. If the air be rarefied in any 
manner, or, if the mouth of the tube be exposed -J ^ 
to the action of a gas whose tension is sufficiently ^- ^^ 
small, the mercury will no longer be supported in BC^ but 
will fall in it and rise in BA. The distance between the 
surfaces of the mercury in the two branches, given by a 
scale between them, indicates the tension of the gas. If 
this distance is expressed in inches, the tension can be 
found, in atmospheres, by dividing by 30, or, in pounds, by 
dividing by 2. 

The Dlving-Bell. 

183. The diving-bell is a bell-shaped vessel, open at the 
bottom, used for descending into the water. The bell is 
placed with its mouth horizontal, and let 
down by a rope, AB, the whole apparatus 
^being sunk by weights properly adjusted. 
The air contained in the bell is com- 
pressed by the pressure of the water, but 
its increased elasticity prevents the water ^^ ^^^ 

from rising to the top of the bell, which 
is provided with seats for the accommodation of those 
within the bell. The air, constantly contaminated by 
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brea,thing, is continually replaced by fresh air, pumped in 
through a tube, FG. Were there no additional air intro- 
duced, the volume of the compressed air, at any depth, 
might be computed by Mariotte's law. The unit of the 
compressing force, in this case, is the weight of a column 
of water whose cross section is a square inch, and whose 
height is the distance from DCio the surface of the w^;^. 

The BaromeUor^ 

184. The barometer is an instrument for measuring the 
pressure of the atmosphere. It consists of a glass tube, 
hermetically sealed at one extremity, filled with mercury, 
and inverted in a basin of that fluid. The pressure of the 
air is indicated by the height of mercury it supports. 

A variety of forms of mercurial barometers have been 
devised, all involving the same mechanical principle. The 
most important of these are the siphon and the cistern 
baro7fieters. 

The Siphon Barometer. 

185. The siphon barometer consists of a tube, CDJF, 
bent so that its two branches, CD and i>^, are 
parallel to each other. A scale is placed between 
them, and attached to the same frame with the 
tube. The longer branch, CD, is hermetically 
sealed at the top, and filled with mercury; the 
shoi*ter one is open to the air. When the instru- 
ment is placed vertically, the mercury sinks in the 
longer branch and rises in the shorter one. The 
distance between the surface of the mercury in Pig.ist 
the two branches indicates the pressure of the atmos- 
phere. 
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The Oistom Barometer. 

186. The cistern barometer consista of a glasa tube, filled 
and inverted in a cistern of. mercury. The tube is sur- 
rounded by a frame of metal, attached to the cistern. Two 
longitudinal openings, near the upper part of the frame, 
permit the upper surface of the mercury to be seen. A 
slide, moved up and down by a rack and pinion, may be 
brought exactly to the upper level of the mercury, Th« 
height of the column is then read from 9* scale, 
whose is at the surface of the mercury in the 
cistern. The scale is graduated to inches and mi^ 
tenths, and the smaller divisions are read by a j 

vernier. 

The figure shows the parts of a complete 
cistern barometer; XK represents the frame; 
HH, the cistern, of glass, at the upper part, 
that the mercury in the cistern may be seen 
through it; X, a thermometer, to show the tem- Hi 
perature of the mercury; JV, the sliding-ring J 

bearing the vernier, and moved up and down by ig. isb. 
the screw, M. 

The cistern is shown on an enlarged scale in, 
Fig. 154 ; A is the barometer tube, terminating 
in a small opening, to prevent sudden shocks 
when the instrument is moved from place to 
place; JET, the frame of the cistern.; By the 
upper portion of the cistern, made of glass, 
that the mercury may be seen; E, a piece of 
ivory, projecting from the upper surface of 
the cistern, whose point corresponds to the 
of the scale ; CO, the lower part of the cistern^ 
mado of leather, or other flexible material, and ^s- ^M. 

11» 
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attached to the glass part; i>, a screw, working through 
the frame, and against the bottom of the bag, (7(7, by means 
of a plate, P. The screw, Z>, serves to bring the surface 
of the mercury to the point of ivory, Ey and also to force 
the mercury to the top of the tube, when it is desired to 
transport the barometer from place to place. 

To use this barometer, it is suspended vertically, and 
the level of the mercury in the cistern brought to the point 
of ivory, E, by the screw, Z>; a smart rap on the frame 
will detach the mercury from the glass, to which it tends to 
adhere. The ring, iV, is run up or down till its lower edge 
appears tangent to the surface of the mercury in the tube, 
and the altitude is read from the scale. The height of the 
attached thermometer should also be noted. 

The requirements of a good barometer are, sufficient 
width of tube, perfect purity of mercury, and a scale with 
an accurately graduated vernier. 

The bore of the tube should be as large as practicable, to 
diminish the effect of capillary action. On account of the 
repulsion between the glass and mercury, the latter is de- 
pressed in the tube, and this depression increases as the 
diameter of the tube diminishes. 

In all cases, this depression should be allowed for, and 
the reading corrected by a table computed for the purpose. 

To secure purity of the mercury, it should be carefully 
distilled, and after the tube is filled, it should be boiled to 
drive off any bubbles of air that might adhere to the tube. 

Uses of the Barometer. 

187. The primary object of the barometer is, to measure 

the pressure of the atmosphere. It is used by mariners as 

a weather-glass. It is also employed for detennining the 

heights of points on the earth's surface, above the level of 



Digitized by VjOOQ IC 



MECHANICS OF GASES AND VAPORS. 251 

the ocean. The principle on which it is employed for the 
latter purpose is, that the pressure of the atmosphere at 
any place depends on the weight of a column of air reach- 
ing from the place to the upper limit of the atmosphere. 
As we ascend above the level of the ocean, the weight of 
the column diminishes; consequently, the pressure be- 
comes less, a fact that is shown by the mercury falling in 
the tube. 

Difference of Z«evel, 

188. Let aB represent a vertical prism of air, whose 
cross section is one square inch. Denote the pressure at 
B, hj p, and at aa\ by p'; denote the density of 
the air at By by J, and at aa' by d', and suppose 
the temperature throughout the column to be 
32° Fah. 

Pass a horizontal plane, hh\ infinitely near to 
/ia',1and denote the weight of the air in db, by w. 
Conceive the entire column to be divided by hor- Pig. iss. 
izontal planes into prisms, whose weights are each equal 
to w, and denote their heights, beginning at a, by «, s\ s'\ 
&c. 

Prom Mariotte's law, we have, 

p_ _d^ 1 __ ;? 

p'^d'^ •*' I'^Jd^ 

The air throughout each elementary prism may be 
regarded as homogeneous; the density of the air in 
ah is therefore equal to its weight, divided by its vol- 
ume into gravity (Art. 15). But its volume is equal to 
1 xlX« = «; hence, 

g^ g d' 
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SubstitntiAg for ^, its value in the preceding equation, 



we have, « = ^ x ^ (125) 

dg p' 

From the formula for log. (1 -f y), deduced in algebra, we 

w 
have, by substituting for y the fraction -;, the equation. 

But -7 is infinitely small ; hence, all the terms in the second 
member, after the first, may be neglected, giving, 

or, finally, •-> = l{p' + w) - Ip'y 

in which I denotes the Naperian logarithm. 

In this equation, jt>' is the pressure on the prism, od; 
hence, j/ + te^ is the pressure on the next prism below, that 
is, on he. 

If we substitute the value of — , in equation (126), we 
have, for the height of ai, 

Substituting in succession for p\ the values, p' + w, je>' + 2w, 
p' -{■ dWj &a, we find the heights of fc, cdf &C., to the nth 
at the base, B, as follows: 



Digitized by VjOOQ IC 



MECHAl^ICS QF GASES AND VAPOBS. 253 



*"=^W/ + 3«;)-.i(i.' + 2«;)], 



^-»' = ^[Z(i?' + nw) - l{p' -h{n^ X)w)]. 

Adding the equations member to member, and denoting 
the sum of the first members, which will be equal to AB, 
by z, we have, 

But nw is the weight of the air in aB; hence, we have, 
y + nw=Pf or, 

'-^F ^'''^ 

Denoting the modulus of the common system of loga- 
rithms by My and designating common logarithms by the 
symbol hg, we have, 

The pressures,^ andjt?', are measured by the heights of 
the columns of mercury which they will support ; denoting 
these heights by if and H', we have, 

whenccy by substitution, 

'' = m^'^w (1^^) 

We supposed the temperature, of both air and mercury, 
to be 32®. 1^0 make the formula general, let T be the 
temperature of the mercury at ^, 7" its temperature at a, 
and denote the corresponding heights of the barometric 



Digitized by VjOOQ IC 



254 MECHAXICS. 

column, by h and V ; also, let / be the temperature of the 
air at B^ and /' its temperature at a. 

The quantity^ is the ratio of the density of the air at 

By to the corresponding pressure, the temperature being 
32°. According to Mabiotte's law, this ratio remains 
constant, whatever may be the altitude of B above the 
level of the ocean. 

If we denote the latitude of the place, by Z, we have, 
(Art 117), 

^ = ff(l + .005133sin*/). 

It has been shown, by experiment, that, a column of 
mercury when heated, increases in length at the rate 
of TiVit^^ ^f ^^ length at 32°, for each degree. Hence, 

* = ^V ^' "9990-; - ^ 9990 ' 

V n' l\ 4. TLZ^\ TT' 9990+ r~32 
. *=^V^^"'9990";=^ 9990 ' 

Dividing the first equation by the second, member by 
member, we have, 

h__£[^ 9990+ r~32 
h'" JET'' 9990 + r' - 32 • 

Dividing both terms of the coefficient of -jp by the de- 
nominator, and neglecting T'— 32, in comparison with 
9990, we have, 

Whence, by reduction, 

H h 1 



H' h''l +.0001(7'- r) 
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The quantity z denotes, not only the height, bnt also the 
volume of the column of air, aB, at 32°. When the tem- 
perature is changed from 32°, the pressures remaining the 
same, this volume will vary, according to the law of Gay 

LUSSAC. 

If we suppose the temperature of the entire column to 
be a mean between the temperatures at B and a, which we 
may do without sensible error, the height of the column 
will become, equation (122), 

«[l + .00204 {y^ - 32)] =z[l + .00102 (/ + t' - 64)]. 

Hence, to adapt equation (127) to the conditions pro- 
posed, we must multiply the value of z by the factor, 

1 + .00102(/ + /' - 64). 

Substituting in equation (127), for -=> and ^, the values 

Jti 

given above, and multiplying the resulting value of Zy by 

the factor 1 + .00102(^ + ^' — 64), we have, 

_ p 1 + .00102(/ -\rt' - 64) h 

^^ Md' 0{l + .005133sinV) ^^ h'[l + .0001(r- T')] 



(128) 



The factor 17—= is constant, and may be determined as 
Jf ad- 
follows : Select two points, one considerably higher than 
the other, and determine, by trigonometrical measurement, 
their difference of level. At the lower point, take the 
reading of the barometer, of its attached thermometer, and 
of a detached thermometer exposed to the air. Make sim- 
ilar observations at the upper station. These observations, 
together with the latitude of the place, will give all the 
quantities entering equation (128), except the factor in 
question. Hence, this factor may be deduced. It is found 
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to be 6034&5t ft. Henoe, we have^ finally^ the barometric 
fonnala) 

z = 60345.51 ft X 

l + .00102(^ + r-64)j^ h 



1 + .0051338inV ^ h'[l + .0001(r- T')] • • (1^) 

To use this formula for determining the difference of level 
between two stations, obserye, simultaneously, if possible, 
the heights of the barometer, and of the attached, and de- 
tached thermometers, at the two stations. Substitute 
these results for the corresponding quantities in the for- 
mula; also substitute for I the latitude of the place, and 
the resulting value of z will be the difference of level 
required. 

If the observations cannot be made simultaneously at 
the two stations, make a set of observations at the lower 
station ; after a certain interval, make a set at the upper 
station ; then, after an equal interval, make another set at 
the lower station. Take a mean of the results of obser- 
vation at the lower station, as a single set, and proceed as 
before. 

For the more convenient application of the formula, 
tables have been computed, by which the arithmetical 
operations are much facilitated. 



189. If water be exposed to the atmosphere, at ordinary 
temperatures, a portion is converted into vapor, mixes with 
the atmosphere, and constitutes one of the elements of the 
aerial ocean. The tension of watery vapor thus formed, is 
very slight, and the atmosphere soon ceases to absorb any 
more. If the temperature of the water be raised, an addi- 
tional amount of vapor is evolved, and of greater tension. 
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When the temperature is raised to a point at which the ten- 
sion of the vapor is equal to that of the atmosphere^ ebulli- 
tion commences, and vaporization goes on with great 
rapidity. If heat be added beyond the point of ebullition, 
neither the water, nor the vapor will increase in tempera- 
ture till all the water is converted into steam. When 
the barometer stands at 30 inches, the boiling-point of pure 
water is 212** Fah. We shall suppose, in what follows, that 
the barometer stands at 30 inches. After the temperature 
of the water is raised to 212% the additional heat that is 
added becomes latent in the vapor evolved. 

If heat be applied uniformly, it is found by experiment 
that it takes 5^ times as much to convert all the water into 
steam as to raise it from 32° to 212°. Hence, the entire 
amount of heat that becomes latent is 5^ X (212° — 32°) = 
990°. That the heat applied becomes latent, may be shown 
as follows : 

Lc^t a cubic inch of water be converted into steam at 
212°, in a close vessel. Now, if 5^ cubic inches of water 
at 32° be injected into the vessel, the steam will all be con- 
verted into water, and the 6^ cubic inches of water will be 
found to have a temperature of 212°. The heat that was 
latent, becomes sensible again. 

When water is converted into steam under any pthei: 
pressure, the boiling-point is changed, but the entire 
amount of heat required for converting the water into 
steam is unchanged. 

If evaporation takes place under such a pressure, that 
the boiling-point is but 150°, the amount of heat that be- 
comes latent is 1052°, so that the latent heat of the steam, 
plus its sensible heat, is 1202°. If the pressure under 
which vaporization takes place is such as to raise the boil- 
ing-point to 500°, the amount of heat that becomes latent 
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18 702°, the sum 702° + 500^ being equal to 1202°, as be- 
fore. Hence, we conclude that the same amount of fuel is 
required to convert a given awMtnt of water into steamy no 
matter what may be the pressure under which evaporation 
takes place. 

When water is converted into steam under a pressure of 
one atmosphere, each cubic inch produces about 1700 cubic 
inches of steam, of the temperature of 212°; or, since a 
cubic foot contains 1728 cubic inches, we may say, in 
round numbers, that a cubic inch of water gives a cubic 
foot of steam. 

If water be converted into steam under greater or less 
pressure than an atmosphere, the density is increased or 
diminished, and, consequently, the volume is diminished, 
or increased. The temperature being also increased or 
diminished, the increase of density, or decrease of volume 
will not be exactly proportional to the increase of pressure ; 
but, for purposes of approximation, we may consider the 
densities as directly, and the volumes as inversely propor- 
tional to the pressures under which the steam is generated. 
On this hypothesis, if a cubic inch of water be evaporated 
under a pressure of half an atmosphere, it will afford two 
cubic feet of steam ; if generated under a pressure of two 
atmospheres, it will only afford half a cubic foot of steam. 

Work of Steam. 

190. When water is converted into steam, a certain 
amount of work is generated, and, from what has been 
shown, this work is very nearly the same, whatever may be 
the temperature at which the water is evaporated. 

Suppose a cylinder, whose cross section is one square 
inch, to contain a cubic inch of water, above which is an 
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air-tight piston, that may be loaded with weights at 
pleasure. In the first place, if the piston is pressed down 
by a weight of 15 pounds, and the inch of water converted 
into steam, the weight. will be mised to the height of 
1728 inches, or 144 feet. Hence, the quantity of work is 
144 X 15, or, 2160 units. Again, if the piston be loaded 
with a weight of 30 pounds, the conversion of water into 
steam will give but 864 cubic inches, and the weight 
will be raised through 72 feet. In this case, the quan- 
tity of work will be 72 X 30, or, 2160 units, as before. 
We conclude, therefore, that the quantity of work is the 
same, or nearly so, whatever may be the pressure under 
which steam is generated. We also conclude, that the 
quantity of work is nearly proportional to the amount of 
fuel consumed. 

Besides the quantity of work developed by simply con- 
verting water into steam, a further quantity of work is 
developed by allowing the steam to expand after entering 
the cylinder. This principle is used in steam-engines 
working expansively. 

To find the quantity of work developed by steam acting 
expansively: Let AB represent a cylinder, closed at A, and 
having an air-tight piston, B. Suppose the steam 
to enter at the bottom of the cylinder, and to push 
the piston upward to C, and then suppose the ^ 
opening at which the steam enters, to be closed : 
if the piston is not too heavily loaded, the steam 
will continue to expand, and the piston will be 
raised to some position, B. The expansive force ^^' ^^' 
of the steam will obey Mariotte's law, and the quantity 
of work due to expansion may be computed by the formula 
in the next article. 



Digitized by VjOOQ IC 






K 



260 MBCUANIC9. 

Work due to the EzpaiiBion of a Qaa or Vapor. 

Ifl. Let the gas, or vapor, be confined in a eyUnder 
closed at its lower end, and having a piston working air- 
tight When the gas occupies a por- 
tion of the cylinder whose height is A, 
denote the pressure on each square 
inch of the piston, by p; when the 
gas expands, so that the altitude of the 
column becomes x, denote the pressure _ 
on a square inch, by y. -A- c 

Since the volumes of the gas, under ^^ ^^ 

these suppositions, are proportional to their altitudes we 
shall have, from Mariottb's law, 

jp : y :: X : hj 
whence, 

xy = ph. 

If p ^nd h are constant, and x and y vary, the above 
equation will be that of an equilateral hyperbola referred 
to its asymptotes. 

Dr^w A perpendicular to AM, and on these lines, as 
asymptotes, construct the curve, NLH, from the equation, 
xy = ph. Make AG ^ h, and draw GH parallel to A C; 
it will represent the pressure, p. Make AM = x, and draw 
JfJV parallel to AC; it wiU represent the pressure, y. In 
like manner, the pressure at any heiofht of the piston may 
be constructed. 

Let -ffX be drawn infinitely near to GH, and parallel 
with it The elementary area, GKLH, will not differ sen- 
sibly from a rectangle whose ba^e is p, and altitude is GK. 
Hence, its are^ may be taken as the measure of the work 
whilst the piston is rising through the infinitely small 
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space, 6K. In like manner, the area of any infinitely 
small element, bounded by lines parallel to -4 C, may be 
taken to represent the work whilst the piston is rising 
through the height of the element If we take the sum 
of all the elements between OH and MN^ this sum, or the 
area, GMNff^ will represent the work of the force of 
expansion whilst the piston is rising from O to M. But 
the area included between an equilateral hyperbola and 
one of its asymptotes, limited by lines parallel to the other 
asymptote, is equal to the product of the co-ordinates of 
any point, multiplied by the Naperian logarithm of the 
quotient obtained by dividing one of the limiting ordinates 
by the other ; or, in this particular case, it is equal to 



P^x,(l). 



Hence, if we designate the quantity of work 

performed by the expansive force whilst the piston is mov- 
ing over OM9 by ^, we shall hav^, 

This is the work exerted on each square inch of the piston ; 
if we denote the area of the piston, by A, and the total 
quantity of work, by Qy we shall have, 

Q^AphXl(^)=AphXl(^j) (180) 
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CHAPTER IX. 

HYDBAULIC AND PNEUMATIC MACHINES. 

Definitions. 

192. Hydraulic machines are machines for raising 
and distributing water, as pumps, siphons, hydraulic rams, 
itc. The name is also applied to machines in which water 
power is the motor, or in which water is employed to 
transmit pressures, as water-wheels, hydraulic presses, ike. 

Pneumatic machines are machines to rarefy and con- 
dense air, or to impart motion to air, as air-pumps, venti- 
lating-bhwers, &c. The name is also applied to those 
machines in which the living force of air is the motive 
power, such as windmills, &c 

Water Pump«. 

193. A toaferpump is a machine for raising water from 
a lower to a higher level, by the aid of atmospheric pressure. 
Three separate principles are employed in pumps: the 
sucking, the lifting, and the forcing principle. Pumps 
are named according to the principle employed. 

Sucking and Lifting Pump. 

194. This pump consists of a barrel. A, to the lower 
extremity of which is attached a sucking-pipe, B, leading 
to a reservoir. An air-tight piston, C, is worked up and 
down in the barrel by a lever, JE^, attached to a piston-rod, 
D; P is a valve opening upward, which, when the pump is 
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Pig. 158. 



at rest, closes by its own weight This valve is called the 

piston-ifalve. A second valve, G, also opening upward, is 

placed at the junction of the pipe with 

the barrel ; this is called the sleephig- 

valve. The space, LM^ through which 

the piston moves up and down, is the 

play of the piston. 

To explain the action of the pump ; 
suppose the piston to be in its lowest 
position, and everything in equilibrium. 
If the extremity of the lever, E, be de- 
pressed, and the piston raised, the air 
in the lower part of the barrel is rarefied, and that in the 
pipe. By by virtue of its greater tension, opens the valve, 
and a portion escapes into the barrel. The air in the pipe, 
thus rarefied, exerts less pressure on the water in the 
reservoir than the external air, and, consequently, the 
water rises in the pipe, until the tension of the internal air, 
plus the weight of the column of water raised, is equal to 
the tension of the external air ; the valve, O, then closes 
by its own weight, 

If the piston be again depressed to the lowest limit, the 
air in the lower part of the barrel is compressed, its tension 
becomes greater than that of the external air, the valve, P 
is forced open, and a portion of the air escapes. If the 
piston be raised once more, the water, for the same reason 
as before, rises still higher in the pipe, and after a few 
double strokes of the piston, the air is completely exhausted 
from beneath the piston, the water passes through the 
piston-valve, and finally escapes at the spout, F. 

The water is raised to the piston by the pressure of the 
air on the surface of the water in the reservoir ; hence, the 
piston should not be placed at a greater distance above the 
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water ih the reservoir, than the height at which the prel^ 
sure of the air will sustain a column of water. In fact, it 
should be placed a little lower than this limit. The specific 
gravity of mercury being about 13.5, the height of a column 
of water that will counterbalance the pressure of the atmos- 
phere may be found by multiplying the height of the baro- 
metric column by 13 i. 

At the level of the sea the average height of the baro- 
metric column is 2^ feet ; hence, the theoretical height to 
which water can be raised by the principle of suction 
alone, is a little less than 34 feet. 

The water having passed through the piston-valve, may 
be raised to any height by the lifting principle, the only 
limitation being the strength of the pump. 

There are certain relations that must exist between the 
play of the piston aild its height above the water in the 
reservoir, in order that the water may be raised to the 
piston ; if the play is too small, it will happen after a few 
strokes of the piston, that the air in the barrel is not suffi- 
ciently compressed to open the piston-Valve; when this 
state of affairs takes place, the water ceases to rise. 

To investigate the relation that should exist between the 
play and the height of the piston above the water: Denote 
the play of the piston, byjt?, the distance from the surface 
of the water in the reservoir to the highest position of the 
piston, by a, and the height at which the water ceases 1x> 
rise, by x. The distance from the Water in the pump to 
the highest position of the piston will he a— x, and the 
distance to the lowest position of the piston, a—p --x. 
Denote the height at which the atmospheric pressure sus- 
tains a column of water in vacuum, by h, and the weight 
of a column of water, whose base is the cross section of 
the pump, and altitude is 1, by ie; then will wh denote the 



Digitized by VjOOQ IC 



HYDRAULIC AJNTD PNEUMATIC MACHINES. 265 

pressure of the atmosphere exerted upward through the 
water in the reservoir and pump. 

When the piston is at its lowest position, the pressure of 
the confined air must be equal to that of the external 
atmosphere; that is, to wh. When the piston is at its 
highest position, the confined air will be rarefied, the yoI- 
ume occupied being proportional to its height Denoting 
the pressure of the rarefied air by wh\ we shall have, from 
Mabiotte's law, 

wh : wh! :: a--x : a ^p — x. 

a — x 

If the water does not rise when the piston is in its high- 
est position, the pressure of the rarefied air, plus the 
weight of the column already raised, will be equal to the 
pressure of the external atmosphere ; or, 

wh — \- wx =z wh. 

a —a; 

Solving this with respect to a;, we have. 



If, Aph>a*; or, p > ^, 

the value of x is imaginary, and there is no point at which 
the water ceases to rise. Hence, the above inequality 
expresses the relation that must exist, in order that the 
pump may be effective. This condition, expressed in 
words, gives the following rule: 

The play of the piston must he greater than the square of 
the distance from the water in the reservoWy to the highest 
position of the piston^ divided by four times the height at 

12 



Digitized by VjOOQ IC 



266 MB0HAKIC8. 

which the aimosphere wiU support a column of water in a 
vacuum. 

Let it be required to find the least play of the piston, 
when its highest position is 16 feet above the water in the 
reservoir, and the barometer at 28 inches. 

In this case, 

a = 16 ft, and A = 28 in. X 13^ = 378 in. = 31^ ft 

Hence, P>m^\ or, p>%^&. 

To find the quantity of work required to make a double 
stroke of the piston, after the water reaches the spout 

In depressing the piston, no force is required, except 
that necessary to overcomjg inertia and friction. Neglect- 
ing these for »the present, the quantity of work in the 
downward stroke, may be regarded as 0. In raising the 
piston, its upper surface is pressed downward, by the pres- 
sure of the atmosphere, wh, plus the weight of the column 
of water from the piston to the spout ; and it is pressed 
upward, by the pressure of the atmosphere, transmitted 
through the pump, minus the weight of a column of water, 
whose cross section is that of the barrel, and whose alti- 
tude is the distance from the piston, to the water in the 
reservoir. If we subtract the latter from the former, the 
difference will be the downward pressure. This difference 
is equal to the weight of a column of water, whose base is 
the cross section of the barrel, and whose height is the 
distance of the spout above the reservoir. Denoting this 
height by Hy the pressure is equal to wH. The path 
through which the pressure is exerted during the ascent 
of the piston, is the play of the piston, or p. Denoting 
the quantity of work required, by §, we shall have, 

Q^wpH. 
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But top is the weight of a volume of water, whose base 
is the cross section of the barrel, and whose altitude is the 
play of the piston. Hence, Q is equal to the quantity of 
work necessary to raise this volume of water from the level 
of the reservoir to the spout. This volume is evidently 
equal to that actually delivered at each double stroke of the 
piston. Hence, the quantity of work expended in pump- 
ing, with the sucking and lifting pump, hurtful resistances 
being neglected, is equal to the quantity of work necessary 
to lift the amount of water, actually delivered, from the 
level of the reservoir to the spout. In addition to this, a 
sufficient amount of power must be exerted to overcome 
hurtful resistances. The disadvantage of this pump, is 
the irregularity with which the force acts, being in de- 
pressing the piston, and; a maximum in raising it. This is 
an important objection when machinery is employed in 
pumping; but it may be partially overcome, by using two 
pumps, so arranged, that one piston agcends as the other 
descends. Another objection to the use of this pump, is 
the irregularity of flow, the inertia of the column of water 
having to be overcome at each upward stroke. 

Socking and Forcing Pomp. 

1S5. This pump consists of a barrel. A, with a sucking 
pipe, By and a sleeping-valve, O, as in the pump just dis- 
cussed. The piston, 67, is solid, and is worked up and 
down by a lever, B, and a piston-rod, D. At the bottom 
of the barrel, a pipe leads to an air-vessel, IT, through a 
second sleeping-valve, F, which opens upward, and closes 
by its own weight. A delivery-pipe, S, enters the air- 
vessel at the top, and terminates near the bottom. 

To explain the action of this pump, suppose the piston, 
(7, to be in its lowest position. If the piston be raised to 
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its highest position^ the air in the barrel is rarefied, its ten- 
sion is diminished, the air in the tube, By thmsts open the 
Talye, and a portion escapes into the ^ 
barrel The pressure of the external ^^^ f^'*^ 

air then forces water up the pipe, 
until the tension of the rarefied air, 
plus the we^ht of the water raised, r 

is equal to the tension of the external \m 

air. An equilibrium being produced, 
the valve, ff, closes by its own weight. 
If the piston be depressed, the air in 
the barrel is condensed, its tension 
increases till it becomes greater than 
that of the external air, when the ^^' **• 

valve, Fj is thrust open, and a portion escapes through the 
delivery-pipe, H. After a few double strokes of the piston, 
. the water rises through the valve, &, and, as the piston de- 
scends, is forced into the air-vessel, the air is condensed in 
the upper part of the vessel, and, acting by its elastic force, 
forces a portion of the water up the delivery-pipe and out 
at the spout, P. The object of the air-vessel is, to keep up 
a continued stream through the pipe, ffy otherwise it would 
be necessary to overcome the inertia of the entire column 
of water in the pipe at every double stroke. The flow 
having commenced, a volume of water is delivered from 
the spout, at each double stroke, equal to that of a cylin- 
der whose base is the area of the piston, and whose alti- 
tude is the play of the piston. 

The same relation between the parts should exist as in 
the sucking and lifting pump. 

To find the quantity of work consumed at each double 
stroke, after the flow has become regular, hurtful resistance 
being neglected : 
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When the piston is descending, it is pressed downward 
by the tension of the air on its upper surface, and upward 
by the tension of the atmosphere, transmitted through the 
delivery-pipe, plus the weight of a cohimn of water whose 
base is the area of the piston, and whose altitude is the 
distance of the spout above the piston. This distance is 
variable during the stroke, but its mean value is the dis- 
tance of the middle of the play below the spout. The 
difference between these pressures is exerted upward, and 
is equal to the weight of a column of water whose base is 
the area of the piston, and whose altitude is the distance 
from the middle of the play to the spout The distance 
through which the force is exerted, is the play of the piston. 
Denoting the quantity of work during the descending 
stroke, by Q', the weight of a column of water, whose base 
is the area of the piston, and altitude is 1, by %0y and the 
height of the spout above the middle of the play, by A', 
we have, 

Q' = wh' X p. 

When the piston is ascending, it is pressed downward 
by the tension of the atmosphere on its upper surface, and 
upward by the tension of the atmosphere, transmitted 
through the water in the reservoir and pump, minus the 
weight of a column of water whose base is the area of the 
piston, and whose altitude is the height of the piston above 
the reservoir. This height is variable, but its mean value 
is the height of the middle of the play above the reservoir. 
The distance through which this force is exerted, is the 
play of the piston. Denoting the quantity of work during 
the ascending stroke, by Q", and the height of the middle 
of the play above the reservoir, by/*", we have, 

Q" = wh" X p. 
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Denoting the entire quantity of work during a double 
stroke, by Q, we haye. 

But lop is the weight of a volume of water, whose base is 
the piston, and whose altitude is the play ; that is, it is the 
weight of the volume delivered at each double stroke. 

The quantity, h' + A", is the height of the spout above 
the reservoir. Hence, the work expended, is equal to that 
required to raise the volume delivered from the level of 
the reservoir to the spout To this must be added the 
work necessary to overcome hurtful resistances, as fric- 
tion, &c. 

If h' = h", we have, Q' = Q"; that is, the quantity of 
work during the ascending stroke, equal to that during 
the descending stroke. Hence, the work of the motor is 
more nearly uniform, when the middle of the play is at 
equad distances from the reservoir and spout. 



Fire-Bngintt. 

196. The fire-engme is a double sucking and forcing 
pump, the piston-rods being so connected, that when one 
piston ascends, the other descends. The sucking and de- 
livery pipes are made of leather, and attached to the machine 
by metallic screw-joints. 

The figure exhibits a 
cross section of the essen- 
tial part of a fire-engine. 

A, A'y are the barrels, 
the pistons are connect- 
ed by rods, D, D, with 
the lever, E, E'; B is the 
. suoking-i)ipe, terminating pig. i^ 
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in a box from whicn the water may enter either barrel 
through the valves, Qy G' ; JTis the air-vessel, common 
to both pumps, and communicating with them by valves, 
F^ F'; H is the delivery-pipe. 

It is mounted on wheels for convenience of locomotion. 
The lever, E, E\ is worked by rods at right angles to the 
lever, so arranged that several men can apply their 
strength at once." The action of the pump differs in no 
respect from that' of the forcing pump; but when the 
instrument is worked vigorously, a large quantity of water 
is forced into the air vessel, the tension of the air is much 
augmented, and its elastic force, thus brought into play, 
propels the water to a considerable distance from the 
delivery-pipe. It is this capacity of throwing a jet of 
water to a great distance, that gives to the engine its value 
in extinguishing fires. 

A pump similar to the fire-engine, is often used, under the 
name of the double-action forcing pump^ for other purposes. 

The Rotary Pump. 

197. The rotary pump is a modification of the sucking 
and forcing pump. Its construction will be understood 
from the drawing, which repre- 
sents a section through the axis 
of the sucking-pipe, at right 
angles to the axis of the rotating 
^portion. 

^ is a ring of metal, revolv- 
ing about an axis; i>, i), is a 
second ring of metal, concentric 
with the first, and forming with 
it an intermediate annular space. ^^' ^^* 

This space communicates with the sucking-pipe, K, and 
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the delivery-pipe, L. Four radial paddles, C, are so dis- 
posed as to slide backward and forward through suitable 
openings in the ring. A, and are moved around with it 
ff is a guide, fastened to the end of the cylinder enclosing 
the revolving apparatus, and cut as represented in the 
figure; E, E, are springs, attached to the ring, i>, and 
acting, by their elastic force, to press the paddles firmly 
against the guide. These springs do not impede the flow 
of water from the pipe, JT, and into the pipe, i. 

When the axis, 0, revolves, each paddle, as it passes the 
partition, is pressed against the guide, but is forced out 
again, by the form of the guide, against the wall, D. Each 
paddle drives the air in front of it in the direction of the 
arrow-head, and finally expels it through the pipe, Z. The 
air behind the paddle is rarefied, and the pressure of the ex- 
ternal air forces a column of water up the pipe. After a few 
revolutions, the air is entirely exhausted from the pipe, K. 
The water enters the channel, C, C, and is forced up the 
pipe, X,* from which it escapes by a spout. The work 
expended in raising a volume of water to the spout, by 
this pump, is equal to that required to lift it from the level 
of the cistern to the spout. This may be shown in the same 
manner as was explained under the head of the sucking and 
forcing pump. To this quantity of work, must be added 
the work necessary to overcome hurtful resistances. 

A machine, similar to the rotary pump, is constructed 
for exhausting foul air from a mine; or, by reversing the 
direction of rotation, to force fresh air to the bottom of the 
mine. 

The Hydrostatic Prese. 
198. The hydrostatic press is a machine for exerting a 
great pressure through a small space. It is used in com- 
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pressing seeds to obtain oil, in packing hay and other. 

goods, also in raising great weights. Its constrnction, 

though requiring the use of a 

sucking pump, depends upon the 

principle of equal pressures, (Art. 

145). 

It consists of two cylinders, A 
and By each provided with a 
solid piston. The cylinders com- 
municate by a pipe, (7, whose 
entrance to the larger cylinder is ^fs- ^®- 

closed by a sleeping-valve, B. The smaller cylinder com- 
municates with the reservoir, -ff^ by a sucking-pipe, -H^ 
whose upper extremity is closed by a sleeping- valve, Z>. 
The piston, B, is worked by the lever, G. By raising and 
depressing the lever, G, the water is raised from the reser- 
voir and forced into the cylinder, A ; and when the space 
below the piston, F, is filled, a force is exerted upward, as 
many times greater than that applied to ^, as the area of ^ 
is greater than By (Art 145). This force may be utilized 
in compressing a body, Z, between the piston and the 
frame of the press. 

Denote the area of the larger piston, by P, of the smaller, 
hjpy the pressure applied to By by/, and that exerted at 
Fy by F; we shall have, 

F:f::P:py •- F^-^-y- 

If we denote the longer arm of the lever, Gy by Ly the 
shorter arm, by Z, and the force applied at the extremity of 
the longer arm, by Ky we have, from the principle of the 
lever, (Art. 64), 

K:f:n:Ly .'. f ^^' 
12* 
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Substituting above, we have, 

pi 

To illustrate, let the area of the larger piston be 100 
square inches, that of the smaller piston 1 square inch, the 
longer arm of the lever 30 inches, the shorter arm 2 inches, 
and let a force of 100 pounds be applied at the end of the 
longer arm of the lever; to fipd the pressure on R 

From the conditions, 

F = 100, ir=: 100, Z; = 30, /? = 1, and / = 2. 
Hence, 

J'=1502L^02iiO = 150.000 lbs. 

We have not taken into account the hurtful resistances, 
hence the pressure of 150,000 pounds must be somewhat 
diminished. 

The volume of water forced from the smaller to the 

larger cylinder, during a single descent of the piston, /i , 

will occupy, in the two cylinders, spaces whose heights are 

inversely as the areas of the pistons. Hence, the path, 

over which / is exerted, is to the path over which F is 

exerted, as P is top. Or, denoting these paths by 8 and 

S, we have, 

8 : S :: P : p; 

or, since F : p :: F : fyWe shall have, 

8 : S :: F:f, .% /« = FS. 

That is, the work of the power and re8t8tance are equals a 
principle that holds good in all machines. 

Examples. 

1. The cross section of a sacking and forcing pnmp is 6 square 
feet, the play of the piston 8 feet, and the height of the spout, atx>ve 
the reservoir, 50 feet What must be the eflfective hone-j^wer of an 
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engine to impart 80 double strokes per minute, hurtfol resistances 
bdng neglected ? 

SOLUTION. 

The number of units of work required to be performed eacu 
minute, is equal to 

6 X 8 X 50 X e^ X 80 = 1687500 lb. ft 
Hence, 

» = 4*m^ = 61A. Ans, 

2. In a hydrostatic press, the areas of the pistons are, 2 and 400 
square inches, and the arms of the lever are, 1 and 20 inches. Re- 
quired the pressure on the larger piston for each pound of pressure 
on the longer arm of lever? Ans. 4000 lbs. 

8. The areas of the pistons of a hydrostatic press are, 8 and 300 
square inches, and the shorter arm of the leyer is one inch. What 
must be the length of the longer arm, that a force of 1 lb. may pro- 
duce a pressure of 1000 lbs. ? Ans. 10 inches. 

The Stphcm. 

199. The siphon is a bent tnbe^ for transferring a liqnid 
from a higher to a lower level, over an intermediate eleva- 
tion. The siphon consists of two branches, AB 3 
and BC, of which the outer one is the longer. To 
use the instrument, the tube is filled with the 
liquid, the end of the longer branch being stop- 
ped with the finger, or a stop-cock ; in which case, 
the pressure of the atmosphere prevents this liquid j ^ 
from escaping at the other end. The instrument fir. lea. 
is then inverted, the end, (7, being submerged in the liquid, 
and the stop removed from A. The liquid will flow through 
the tube, and the flow will continue till the level of the 
liquid in the reservoir reaches the mouth of the tube, C. 

To find the velocity with which water will issue from 
the siphon, let us consider an infinitely small layer at the 
orifice, A. This layer is pressed downward, by the tension 
of the atmosphere exerted on the surface of the reservoir, 
minus the weight of the water in the branch, BD, plus the 
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weight of the water in the branch, BA. It is pressed up- 
ward by the tension of the atmosphere. The difference of 
these forces, is the weight of the water in DA^ and the velocity 
of the stratum will be due to that depth. Denoting the ver- 
tical height of DAy by A, we shall have, for the velocity, 

This is the theoretical velocity, but it is never quite real- 
ized in practice, on account of resistances, that have been 
neglected in the preceding investigation. 

The siphon may be filled by applying the mouth 
to the end. Ay and exhausting the air by suction. 
The tension of the atmosphere, on the upper sur- 
face of the reservoir, presses the water up the 
tube, and fills it, after which the flow goes on as Kg. im. 
before. Sometimes, a sucking-tube, AD, is inserted near 
the opening. A, rising nearly to the bend of the siphon. 
In this case, the opening, ^,is closed, and the air exhausted 
through the sucking-tube, AD^ after which the flow goes on 
as before. 

The Wnrtembtirg Siphon. 

200. In the Wurtemburg siphon, the ends of the tube 
are bent twice, at right angles, as shown in the figure. The 
advantage of this is, that the tube^ once filled, re- ^^ 
mains so, as long as the plane of its axis is kept 
vertical. The siphon may be lifted out and re- 
placed at pleasure, thereby stopping and repro- (^ i\^ 
ducing the flow at will. ^- 16»- 

It is to be observed that the siphon is only effective when 
the distance from the highest point of the tube to the level 
of the water in the reservoir is less than the height at 
which the atmospheric pressure sustains a column of water 
in a vacuum. This will, generally, be less than 34 feet. 



Digitized by VjOOQ IC 



HYDRAULIC AND PNEUMATIC MACHINES. 



277 




The Zntermittiiig Siphon 

201. The intermitting siphon is represented in the figure. 
AB is a curved tube issuing from the bottom of a reservoir. 
The reservoir is supphed with water by « 

*a tube, Ey having a smaller bor^ than 
the siphon. 

To explain its action, suppose the 
reservoir to be empty, and tte tube, E^ 
to be open; as soon as the reservoir 
is filled to the level, CD, the water be- 
gins to flow from the opening, B, and 
the flow once commenced, continues till the level of the 
reservoir is reduced to C'D\ through the opening, A. The 
flow then ceases till the cistern is again filled to CD, and 
so on as before. 

Zntermittiiig Springs. 

202. Let A represent a subterranean cavity, communi- 
cating with the surface of the earth by a channel, ABCy 
bent like a siphon. Suppose the reser- 
voir to be fed by percolation through 
the crevices, or by a small channel, D. 
When the water in the reservoir rises 
to the horizontal plane, BDy the flow ^k- ^^• 
commences at G, and, if the channel is sufficiently large, 
the flow continues till the water is reduced to the level 
plane through C. An intermission then occurs till the 
reservoir is again filled ; and so on, intermittingly. 




Siphon of Constant Flow. 

20S. We have seen that the velocity of efflux depends on 
the height of water in the reservoir above the external 
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opening of the siphon. When the water is drawn from the 
reservoir, the surface sinks, this height diminishes, and, 
consequently, the velocity continually diminishes. 

If, however, the shorter branch, (7Z>, be passed through 
a cork large enough to float the siphon, the instrument 
will sink as the upper surface is depressed, the height of 
DA will remain constant, and, consequently, the flow will 
be uniform till the siphon comes in contact with the upper 
edge of the reservoir. By suitably adjusting the siphon in 
the cork, the velocity of efflux can be increased or de- 
creased within certain limits. In this manner, any desired 
quantity of the fluid can be drawn off in a given time. 

The siphon is used in the arts, for decanting liquids. It 
is also employed to draw a portion of a liquid from the 
interior of a vessel when that liquid is overlaid by one of 
less specific gravity. 

The Hydraulic Ram. 

204. The hydraulic ram is a machine for raising water by 
means of shocks caused by the sudden stoppage of a stream 
of water. 

* It consists of a reservoir, B, supplied by an inclined 
pipe. A; at the upper surface of the reservoir, is an orifice 
closed by a talve, D ; this valve is 
kept in place by a metallic frame- 
work immediately below the ori- 
fice ; ff is an air-vessel communi- 
cating with the reservoir by an 
opening, F^ with a spherical valve, 
E; this valve closes the orifice, F, 
except when forced upward, in 
which case its motion is restrained 
by a framework or cage ; ^ is a delivery-pipe entering the 
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air-vessel at its upper part, and terminating near the bot- 
tom. At P is a small valve, to supply the loss of air in 
the air-vessel, arising from absorption. 

To explain the action of the instrument, suppose it 
empty, and the parts in equilibrium. If a current of 
water be admitted to the reservoir, through the pipe. Ay 
the reservoir is soon filled, and the water commences 
rushing out at D; the impulse of the water forces the 
valve, Dy upward, and closes the opening; the velocity of 
the water in the reservoir is checked ; the reactiou forces 
open the' valve, By and a portion of the water enters the 
air-chamber, G; the force of the shock having been 
expended, the valves both fall by their own weight; a 
second shock takes place, as before; an additional quan- 
tity of water is forced into the air-vessel, and so on con- 
tinuously. As the water is forced into the air-vessel, the air 
becomes compressed; and acting by its elastic force, urges 
a stream of water up the pipe, JK The shocks occur in 
rapid succession, and thus a constant stream is kept up. 

To explain the use of the valve, P, it may be remarked 
that water absorbs more air under a greater, than under a 
smaller pressure. Hence, as it passes through the air- 
chamber, a portion of the contained air is taken up by the 
water and carried out through the pipe, II. But each time 
that the valve, -D, falls, there is a tendency to a vacuum in 
the upper part of the reservoir, in consequence of the rush 
of the fluid to escape through the opening. The pressure 
of the external air then forces the valve, P, open, a portion 
of air enters, and is afterward forced up with the water into 
the vessel, ff, to keep up the supply. 

The hydraulic ram is only used to raise small quantities 
of water, as for the supply of a house, or garden. Only a 
small fraction of the fluid that enters the supply-pipe actu- 
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ally passes out through the delivery-pipe; but if the head 
of water is pretty large, a column may be raised to a great 
height Water is often raised, in this manner, to the 
highest parts of lofty buildings. 

Sometimes, an additional air-vessel is introduced over 
the valve, Ey to deaden the shock of the valve in its play. 

* Archimedes' Screw. 

205. This is a machine for raising water through small 
heights, and, in its simplest form, it consists of a tube 
wound spirally around a cylinder. The cylinder is 
mounted so that its axis is oblique to the horizon, the 
lower end dipping into the reservoir. When the cylinder 
is turned on its axis, the lower end of the tube describes the 
circumference of a circle, whose plane is perpendicular to 
the axis. When the mouth of the tube comes to the level 
of the axis and begins to ascend, there is a certain quantity 
of water in the tube, which continues to occupy the lowest 
part of the spire; and, if the cylinder is properly inclined 
to the horizon, this flow is toward the upper end of the 
tube. At each revolution, a quantity of water enters the 
tube, and that already in the tube is raised, higher and 
higher, till, at last, it flows from the upper end of the tube. 

The Chain Pump. 

206. The chain pump is an instru- 
ment for raising water through small 
elevations. 

It consists of an endless chain pass- 
ing over wheels, A and B, having their 
axes horizontal, one below the surface 
of the water, and the other above 
the spout of the pump. Attached Fig. ie9. 
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to this chain, and at right angles to it, are circular disks, 
fitting the tube, CD. If the cylinder, A, be turned in the 
direction of the arrow-head, the buckets or disks rise 
through the tube, CD, driving the water before them, 
until it reaches the spout, C, and escapes. One great 
objection to this machine is, the difficulty of making the 
disks fit the tube. Hence, there is a constant leakage, 
requiring great additional expenditure of force. 

Sometimes the body of the pump is inclined, in which 
case it does not diflfer much in principle from a wheel with 
flat buckets, that has also been used for raising water. 

The Air Pump. 

207. The air pump is a machine for rarefying air. 

It consists of a barrel. A, in which a piston, B, is worked 
up and down by a lever, C, attached to a piston-rod, 2>. 
The barrel communicates with 
a vessel, E, called a receiver, 
by a narrow pipe. The re- 
ceiver is usually of glass, 
ground to fit air-tight on a ^c^ 
smooth bed-plate, KK. The ^ 

joint between the receiver Fig.i70. 

and plate may be rendered more perfectly air-tight by 
interposing a layer of tallow. A stop-cock, H, permits 
communication to be made at pleasure between the barrel 
and receiver, or between the barrel and external air. When 
the stop-cock is turned in a particular direction, the barrel 
and receiver communicate ; but on turning it through 90 
degrees, the communication with the receiver is cut off, 
and a communication is opened between the barrel and 
external air. Instead of the stop-cock, valves are often 
used, that are opened and closed by the elastic force of the 
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air, or by the force that works the pump. The commu- 
nicating pipe should be exceedingly small, and the piston, 
B, when at its lowest point, should fit accurately to the 
bottom of the barreL 

To explain the action of the air pump, suppose the 
piston to be at its lowest position. The stop-cock, J^ is 
turned so as to open a communication between the barrel 
and receiver, and the piston is raised to its highest point 
by a force applied to the lever, C. The air, which before 
occupied the receiver and pipe, expands so as to fill the 
barrel, receiver, and pipe. The stop-cock is then turned 
to cut oflf communication between the barrel and receiver, 
and open the barrel to the external air, and the piston 
again depressed to its lowest position. The air in the 
barrel is expelled by the depression of the piston. The air 
in the receiver is now more rare than at the beginning, and 
by a continued repetition of the process, any degree of rare- 
faction may be attained. 

To measure the rarefaction of the air in the receiver, a 
siphon-gauge may be used> or a glass tube, 30 inches long, 
may be made to communicate at its upper extremity with 
the receiver, whilst its lower extremity dips into a cistern 
of mercury. As the air is rarefied in the receiver, the pres- 
sure on the mercury in the tube becomes less than on that 
in the cistern, and the mercury rises in the tube. The 
tension of the air in the receiver is indicated by the differ- 
ence between the height of the barometric column and that 
of the mercury in the tube. 

To investigate a formula for the tension of the air in the 
receiver, after any number of double strokes, let us denote 
the capacity of the receiver, by r, that of the connecting- 
pipe, by p, and that of the space between the bottom of 
the barrel and the highest position of the piston, by h. 
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Denote the original tension of the air, by / ; its tension 
after the first upward stroke of the piston, by t' ; after the 
second, third, . . .w^, upward strokes, by ^", /'", ...r'. 

The air which occupied the receiver and pipe, after the 
first upward stroke, fills the receiver, pipe, and barrel : ac- 
cording to Mariotte's law, its tension in the two cases 
varies inversely as the volumes occupied ; hence. 

In like manner, we shall have, after the second upward 
stroke, 

/' : r : : jt^ + r + ^ : p + r, /. t'^=:t'-^—. 

Substituting for t' its value, deduced from the preceding 
equation^ we have. 






\p 
In like manner, we find, 

and, in general, after the r*'* stroke. 

If the pipe is exceedingly small, its capacity may be neg- 
lected in comparison with that of the receiver, and we then 
have, 

'■ = '(fT7)" 

Let it be required, for example, to determine the tension 
of the air after 5 upward strokes, when the capacity of the 
barrel is one-third that of the receiver. 
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In this case, , = J, and n = 6, whence, 

Hence, the tension is less than a fourth part of that of 
the external air. 

Instead of the receiver, the pipe may be connected by a 
screw-joint with any closed vessel, as a hollow globe, or glass 
flask. In this case, by reversing the direction of the stop- 
cock, in the np and down motion of the piston, the instru- 
ment may be used as a condenser. When so used, the 
tension, after n downward strokes of the piston, is given 
by the formula, 

Taking the same case as that before considered, with the 
exception that the instrument is used as a condenser 
instead of a rarefier, we have, after 5 downward strokes. 

That is, the tension is eight^thirds that of the external air. 
external air. 

Artificial Foimtaiiui. 

208. An artificial fountain is an instrument by which a 
liquid is forced upward in the form of a jet, by the tension 
of condensed air. The simplest form of artificial fountain 
is called Hero's ball. 

Hero's BalL 

209. This consists of a globe. A, into the top 
of which is inserted a tube, B, reaching nearly 
to the bottom of the globe. This tube is pro- 
vided with a stop-cock, C, by which it may be 
closed, or opened at pleasure. A second tube, Z>, ^^ ^'^' 



Digitized by VjOOQ IC 




HYDRAULIC AKD PKBUMATIC MACHINES. 286 

enters the globe near the top, which is also provided 
with a stop-cock, E. 

To use the instrument, close the stop-cock, C, and fill 
the lower portion of the globe with water through J9; 
then connect D with a condenser, and pump air into the 
upper part of the globe, and confine it there by closing 
the stop-cock, E, If, now, the stop-cock, C, be opened, 
the pressure of the confined air on the surface of the 
water in the globe forces a jet through the tube, B. This 
jet rises to a greater or less height, according to the greater 
or less quantity of air that was forced into the globe. The 
water will continue to flow through the tube as long as the 
tension of the confined air is greater than that of the 
external atmosphere, or till the level of the water in the 
globe reaches the lower end of the tube. 

Instead of using the condenser, air may be introduced 
by blowing with the mouth through the tube, A ai^d con- 
fined by turning the stop-cock, E. 

The principle of Hero's ball is the same as that of the 
air-chamber in the forcing-pump and fire-engine, already 
explained. 

He^*8 Fountain. 

210. Hero's fountain is constructed on the 
same principle as Hero's ball, except that the 
compression of the air is effected by the weight 
of a column of water, instead of by a condenser. 

-4 is a cistern, similar to Hero's ball, with 
a tube. By extending nearly to the bottom of 
the cistern. C is a second cistern placed at 
some distance below A. This cistern is con- 
nected with a basin, Z>, by a bent tube, E^ and 
also with the upper part of the cistern, A, by Pig. iw. 
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a tube, F. When the foantain is to be used, A is nearly 
filled with water, C being empty. A quantity of water is 
then poured into the basin, Z), which, acting by its weight, 
sinks into Cy compressing the air in the upper portion of 
it into a smaller space, thus increasing its tension. This 
increase of tension acting on the surface of the water in A, 
forces a jet through By which rises to a greater or less 
height according to the greater or less tension. The flow 
will continue till the level of the water in A reaches the 
bottom of the tube, B. The measure of the compressing 
force on a unit of surface of the water in C, is the weight 
of a column of water, whose base is that unit, and whose 
altitude is the difference of level between the water in D 
and in C. 

If Hebo's ball be partially filled with water and placed 
under the receiver of an air-pump, the water will be ob- 
served to rise in the tube, forming a fountain, as the air in 
the receiver is exhausted. The principle is the same as 
before; the flow is due to an excess of pressure on the 
water within the globe over that without In both cases, 
the flow is resisted by the tension of the air without, and 
is urged on by the tension within. 

WiiM-Taater and Z>ropping-Bottl«. 

211. The wine-taster is used to bring up a small portion 
of wine or other liquid from a cask. It consists of a tube, 
open at the top, and terminating below in a nar- 
row tube, also open. When it is to be used, it is 
inserted to any depth in the liquid, which rises in 
the tube to the level of the liquid without The 
finger is then placed so as to close the upper end 
of the tube, and the instrument raised out of the 
cask. The fluid escapes from the lower end, until '^•^'''* 
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the pressure of the rarefied air in the tube, plus the weight 
of a column of liquid, whose cross section is that of the 
tube, and whose altitude is that of the fluid retained, is 
equal to the pressure of the external air. If the tube be 
placed over a tumbler, and the finger removed from the 
upper orifice, the fluid brought up flows into the tum- 
bler. 

If the lower orifice is very small, a few drops may be 
allowed to escape, by taking off the finger and immediately 
replacing it. The instrument then constitutes the drop- 
ping-bottle. 

The Atmospheric Inkitand. 

212. The atmospheric inkstand consists of a cylinder, A, 
which communicates by a tube with a second cylinder, B. 
A piston, Cy is moved up and down in Ay by 
means of a screw, D. Suppose the spaces, A 
and By to he filled with ink. If the piston, 
Cy be raised, the pressure of the external air 
forces the ink to follow it, and the part, By is 
emptied. If the operation be reversed, and Fig.174. 
the piston, Cy depressed, the ink is again forced into the 
space, B. This operation may be repeated at Dleasure, 

Prime Movers, 

Definition of a Prime Mover. 

213. A prime mover is a contrivance, by means of which 
Ithe power furnished by a motor is made to impart motion 
to a train of mechanism. The principal motors are, water- 
power, wind'powery and steam. The corresponding prime 
movers are, water-wheelSy vrindmills, and steam-engineSk 
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Wftter^WhaelM. 

214. A WATER-WHEEL is a wheel set in motion by the 
action of water. Water-wheels are divided into two classes 
— vertical and horizontaL 

There are three principal varieties of vertical wheels : — 
overshoty undershot^ and breast wheels. The most important 
horizontal wheel is the tufhine. 

The overshot wheel consists of a cylindrical drum, Ay 
terminated at its ends by projecting 
rings, By called crowns. The space 
between the crowns is divided into /ir";5^^r^vS|§L^i 
cells, by curved or angular parti- 
tions ; these cells, called buciets, are 
constructed so as to retain the water 
as long as possible. The water is 
delivered by a sluice-way, C, near the 
top of the wheel, and, acting by its ^' ^^** 

weight, it imparts motion to the wheel, which is com- 
municated to the train by suitable transmitting pieces. 
This wheel is employed where there is but a small volume 
of water, with considerable fall. 

The undershot wheel is similar, in its general construc- 
tion, to the overshot wheel ; the partitions between the 
cells, which may be either 
plane or curved, are called 
floats. The water is de- 
livered at the bottom of 
the wheel, and impinging 
against the floats, acts by 
its living force to set the 
wheel in motion. The Pig. i78 
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velocity of the water depends on its head^ that is, its height 
in the reservoir, A. 

The breast wheel differs from the undershot wheel in 
having the water delivered at a higher level, and also in 
having a casing, or trough. 
Ay called a hreasty which 
nearly fits the periphery ' 
of the wheel that revolves 
within it. In this wheel, 
the water acts partly hy its 
weight and partly by its 
living force. 

The turbine turns on a Fig.m. 

vertical axis, and its floats radiate from it, being curved 
somewhat like the blades of a screw propeller. The water 
enters at the centre of the wheel, flows downward and 
outward, and acts, both by its weight and living force, to 
impart motion of rotation to the wheeL 

Windmills. 

215. A WINDMILL is a wheel set in motion by the living 
force of a current of air. It consists of a horizontal axle, 
always parallel to the direction of the wind, with pro- 
jecting arms carrying sails, set obliquely to the axis, some- 
what like the blades of a screw propeller. The force of 
the wind, which acts on each sail at its centre of pressure, 
may be resolved into two components, one perpendicular, 
and the other parallel to the sail. The former alone is 
effective; this may be further resolved into two com- 
ponents, one perpendicular, and the other parallel to the 
axis of rotation. The first of these alone is concerned in 
prodacing rotation, and the measure of its effect is the 

18 
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product of its intensity by its leyer arm — ^that is, its dis- 
tance from the axis. 

The Steam-Sngina. 

Sit. A STEAM-ENGINE is a Contrivance for utilizing the 
expansive force of steam. The term is generally employed 
to designate not only the engine proper, but also the 
yarions appendages for generating and condensing steam. 
The relation between the heat applied and the amount of 
steam generated, as also its general mode of action^ have 
' been explained in a previous chapter. 

Varieties of Steam Bnginea. 

217. Steam-engines may be condensing y or non-condens- 
ing. In the formeTy the steam, after having acted on the 
piston, is condensed, and the warm water returned to the 
boiler; in the latt&, the steam is not condensed, but hav- 
ing acted on the piston, is blown off, into the air. In a 
condensing engine, steam may be used of a lower tension 
than 15 lbs. to the inch ; in which case it is called a low- 
pressure engine. In a non-condensing engine, the steam 
must be of a greater tension than 15 lbs. to the inch, in 
order that it may be blown off into the air. An engine in 
which steam is used of a higher tension than 15 lbs., is 
called a high-pressure engine. A condensing engine may 
be either high or low pressure. A ;w>w-condensing engine 
must be high pressure. 

Condensing engines are more economical of fuel, but 
they are heavier and more complex in construction ; for 
this reason they are necessarily stationarg. Non-condens- 
ing engines are used for locomotives ; where fuel is abun- 
dant they are sometimes used as stationary engines. 
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The Boiler and its Appendages. 

218. The BOILER is a shell of metal, generally of 
wrought iron, in which steam is generated. Boilers are of 
various forms. One of the simplest is cylindrical, with 
hemispherical ends. Sometimes two smaller cylinders, 
called heaters, are placed below the main boiler, and con- 
nected with it by suitable pipes. In the Cornish boiler, 
the cylindrical shell has a large flue, and sometimes two 
flues, passing through it, from end to end. The tubular 
boiler has a great many small tubes, or flues, passing 
through it for the transmission of flame and heated gases. 
The object in all cases is to generate steam rapidly and 
economically. To accomplish this, the boiler is set in the 
furnace so as to give as large a heating surface, in propor- 
tion to its capacity, as possible, and the flues and heat 
passages are constructed to keep the currents of hot air 
and gas in contact with the heating surface, as long as is 
compatible with free combustion. 

The following are some of the principal appendages to 
the boiler : 1°, the furnace, or fireplacCy with its flues and 
dampers, for regulating the draft and keeping up combus- 
tion ; 2°, the feed apparatus, for furnishing water, either 
from the condenser or from a reservoir, to supply the place 
of that converted into steam; 3°, the safety-valve, a valve 
opening into the boiler and secured in position by a spring 
or weighted lever, until the tension of th6 steam reaches 
the limit of safety ; 4°, the gauge, to indicate the height of 
the water in the boiler; 5°, the manometer, for showing the 
actual tension of the steam in the boiler ; G°, the blow-off 
apparatus, consisting of a cock near the bottom of the 
boiler, which, when opened, permits the pressure of the 
steam to force out the sediment and impurities that collect 
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there; and, 7°, the steam-pipey that conducts the steam 
from the boiler to the engine proper. 

The Bngine proper. 
219. The essential parts of the engine proper are shown 
in the cut. As the figure is only intended to illustrate the 
general principles of the engine, the parts are arranged in 
such manner as to exhibit them best at a single view. 



Fig. ITS. 

The cylinder is shown on the left, with a portion broken 
away. Its interior surface is smooth, and of uniform bore 
throughout. 
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Thepistofiy P, receives the pressure of the steam, alter- 
nately on its upper and lower faces, and is thus made to 
move up and down in the cylinder, the joint between them 
being made steam-tight by a suitable packing. 

Th& piston-rod^ A, working through a, stuffing-box, d, and 
kept parallel to the axis by the parallel motion, D, D, E, 
acts on one end of the working-beam, L, and imparts to it 
an oscillatory motion. 

The connecting-^od, I, transmits the oscillatory motion 
to the crank, K, by means of which it is transformed into 
rotary motion about the shaft of the engine. 

The steam-chest, b, receives the steam from the boiler 
through the steam-pipe, c, and by means of the sUding-valve 
connected with the rod, 7n, is permitted to pass through the 
proper channels, or steam-ports, alternately to the upper 
and lower faces of the piston. In the position of the 
engine shown in the figure, the steam from the boiler 
passes into the upper steam-passage, rises to the top of the 
cylinder, enters it there, and acts to force the piston dovm; 
the steam below the piston passes up through the lower 
steam-passage, is prevented from entering the steam-chest 
by the sliding-valve, passes out at the opening, a, and is 
thence conveyed by the eduction pipe, U, to the condenser, 
0; when the piston reaches the bottom of the cylinder 
the motion imparted to the shaft operates on the eccentric, 
e, to move the eccentric rod, Z, which, in turn, through the 
bent lever, m, draws the sliding-valve w/?, so as to cover the 
upper, and uncover the lower steam-passages ; the opening, 
a, of the eduction pipe is then in communication with the 
upper end of the cylinder, through the upper passage and 
the sliding-valve. In this state of affairs, the steam from 
the boiler enters the cylinder by the lower passage, the 
piston is forced up, the steam above the piston is driven 
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into the eduction pipe, U^ and thence to the condenser; 
when the piston reaches the upper limit of its play, the 
position of the sliding-valye is again reversed, and so on 
continually. 

The cold-water pumpy JR, worked by the rod, J3i draws 
cold water from a reservoir, and forces it through a pipe, 
T, into the condenser. This pipe, terminating in a rose, 
delivers the water in the form of a cold shower, which 
acts to condense the steam that is continually forced 
into it. 

The air-pump^ if, worked by a rod, F, draws the hot 
water, and the air that is mixed with it, from the con- 
denser, and forces it into the hot-welly N. 

The feed-pump, Q, worked by the rod, G, draws the water 
from the hot- well and forces it back to the boiler. 

The XaooomotiT*. 

220. The Locomotive is represented in section by the 
accompanying figure. The essential parts are the fol- 
lowing : 

The boilery B, B, with itaflues,p,p, and its safety-valve, 
M. The dotted line shows the height of the water in the 
boiler. 

The fire-box, A, communicating with the smoke-box, CI 
by means of the flues, p, p. The fire-box has a double 
wall, the interval being filled with water, communicating 
with that in the boiler. Fuel is supplied by the door, D, 
and air enters the fire-box from below, through the grate, E. 

The steam-dome, B, is an elevated portion of the boiler, 
whose object is to permit steam to enter the steam-pipe, 
without any admixture of water, as might happen if it 
were taken from a lower level. 

The steam-pipe, S, S, conveys steam from the dome to 
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Fig. 179. 
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the sieant'Chesty where it is distributed in the manner 
described in the last article. 

The cylinder^ the piston^ P, and the piston-rody B, are 
similar to the corresponding parts of the engine described 
in the last article. 

The steamy after acting on the piston, is blown off 
through the blast-pipe, L, which terminates in the smoke- 
box, (7. The current produced increases the draft, and 
thus promotes the combustion of the fueL 

The connecting-rody O, transmits the motion of the 
piston to the cranky which conyerts it into rotary motion 
about the axis of the driving-wheels, F. 

The alternate back and forth motion of the sliding- 
valve is effected by an eccentric, placed on the axle of the 
driving-wheel. The supply of water is obtained by pumps 
placed under the frame and worked by eccentrics. These 
suck the water from a reservoir, mounted on the tender, 
which is a car attached to the locomotive for the trans- 
portation of water and fuel. 
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ORTHOGRAPHY-Continued. 

Barber's Complete Writing Speller 

** The Stadent'8 Own Hand-Book of Orthofi^raphy, Definitionei. and Sentences, 
eonsioting .of Written Exercisee in the Proper Spelling, Meaning, and Uee ol 
Words." (Pablished 1878.) This diflfers fh)m Sherwood's and other Writing 
Spellers in its more comprehensive character. \\» blanks are adapted to writing 
wnole sentences instead of detached words, with the proper divisions for number- 
ing, corrections, etc. Snch aids as this, like Watson^s Child's Speller and Sheiw 
wood's Writing Speller, find their rakaon d'Hre in the postulate that the art of coi^ 
rect spelling is dependent npon written, and not upon spoken language, for its ntil 
Jty, if not for its very existence. Hence the indirectm^se of purely ool instruction.^ 

Pooler's Test Speller 

The beet collection of ** hard words*' yet made. The more uncommon ones ar« 
fkilly defined, and the whole are arranged tUphabetieatty for convenient reference. 
The book Is designed for Teachers' Institutes and * Spelling Schools," and is pre> 
pared by an experienced and well-known conductor of InstltuteB. 



ETYMOLOGY. 



Smith's Complete Etymologyi 
Smith's Condensed Etymology, 

Gontaining the Anglo-Saxon, French, Dutch, Genivin, Welsh, Danish, Gothic, 
Swedish, Gaelic, Italuin, Latin, and Greek Roots, and the English words derived 
Uitf reflrom accurately spelled, accented, and defined. 



Drom HoH. Jno. G. MoMtkv, late State Stgterinten^e^ qf TfiMOiuln. 
I wish every teacher in the country had a copy of this work. 

From Psmx, Wm. F. Fbblfb, Minn. State Norr^oK 

The book is superb— Just what Is needed in the department oi etymology and 
ppelUng. 

From Tbot, C. H. Yebrill, Pa. State formal Schooi. 

The Etymology (Smith's) which we procured of you we like mF<*>. It Is the 
beet work for the class-room we have seen. 

Ffom JLoK. Bdwabd Baixabd, Siq)t. of Common Schools, State qfMrimM, 
The author has ftimlshed a manual of singular utility for its purpose. 



DICTIONARY. 



The Topical Lexicon, 

This work is a School Dictionary, i 
a manual of general Information. It differs from the ordtoary lexicon m Demg 
arranged by topics Instead of the letters of the alphabet, thus realizing the apparexd 
ptijiflRhT or * *^BMdable DicHooaiy.^ An anuiaally valuable echooA oocdL 



This work is a School Dictionary, an Etymology, a compilation of synonyms, an^ 
a manual of general Information. It differs from the ordinary lexicon In being 
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MONTEITH'S INDEPENDENT COURSE. 
Elementary Geography 
Comprehensive Geography (with 103 Maps) 

^y* These yolamee are not rerieloiis of old works— not an addition to any 
series— but are entirely new productions— each by itself complete, independent, 
comprehensive, yet simple, brief; cheap, and popular ; or, taken together, the most 
admirable ** series ^* ever offered for a common-whool course. They present the 
foUowing features, sklllflilly interwoyen— the student learning all about one country 
at a time. 

XiOOAZi OfiOORAPBTi or the Use of Maps. Important featores of 
the Maps are the coloring of States as objects, and the ingenious system for laying 
down a much larger number of names for reference than are found on any other 
Maps of same sis6--«nd without crowding. 

FBTBZOAZi OSOORAPBTi or the Natural Features of the Earth, 
musttated by the original and striking 'Relief Mape, being bird^s-eye views or 
photographic pictures of the Earth^s surlhce. 

D3380RZFTZTa OBOORAPBTi induding the Physical ; with some 
Account of Qovemments, and Baces, Animals, etc 

HZBTORZOAZi CUaOORAFBY| or a brief summary of the salient 
«K>ints of history, explaining the present distribution of nations, origin of geo- 
graphical names, etc 

SBATHXIIBATZGAZi OBOCUlAPBTi including Astbonoxicai^ 
which describes the Earth^s position and character among planets ; also the Zones, 
i*arallels, etc 

GOBEPARATZVll CIBOORAFB7| or a system of analogy, con- 
nectlng new lessons with the previous ones. Comparative sizes and latitudes sio 
shown on the margin of each Map, and all countries are measured in the ^framt 

TOPZGAZi OSOORAPHTy consisting of questions for review, an4 
testing the student's general and specific knowledge of the subject, with sugget* 
tions for OeograpMcal CompasiHoru, 

ANGZSNT OBOCmAPJIS > a section devote^l to this subject, with 
Maps, win be appreciated by teachers. It is seldom taught in our common schools^ 
because it has heretofore required the purchase of a separate book. 

ORAPBZG OBOORAPH7| or Maf-Drawino by Allen's ''Unit of 
Measurement'' system (now almost universally recognized as without a rival) is 
introduced throughout the lessons, and not as an appendix. 

CON8TRVCTZVB QBOOR APHT, or Olobb-Maxikg. With eaO, 
book a set of Map Segments is fkimished, with which each student may make hia 
own Globe by following the directions given. 

RAZZiRO AD aBOORAPBTi with a grand Maf Ulaftrating routetf 
of travel in the United States. Also, a * * Tour in Europe.** 

U 
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The MiHonal Series of Standard SehoolSooiss. 

MATHEMATICS. 



DAVIES' NATIONAL COURSE. 



ARITHMETIC. 

fl. Davies* Primary Arithmetic, 

2. Davies' Intellectual Arithmetic, 

3. Davies' Elements of Written Arithmetic, . 

4. Davies' Practical Arithmetic, 

5. Davies' University Arithmetic. 

TWO BOOK SERIES. 

1. First Bock in Arithmetic, Primary and MD>%taL 

2. Complete Arithmetic. 

ALG-EBBA. 

I. Davies' New Elementary Algebra^ 
2« Davies' University Algebra, 

3. Davies' New Bourdon's Algebra. 

O-EOMETRT. 

1. Davies' Elementary Geometry and Trigonometry, 

2. Davies' Legendre's Geometry, 

8. Davies' Analytical Geometry and Calculus, 

4. Davies' Descriptive Geometry, 
ft. Davies' New Calculus, 

MENSURATION. 

t. Davies' Practical Mathematics and Mensuration, 

2. Davies' Elements of Surveying, 

8. Davies' Shades, Shadows, and Perspective, 

MATHEMATICAL SCIENCE. 

Davies' Grammar of Arithmetic, 

Davies' Outlines of Mathematical Science, 

Davies' Nature and Utility of Mathematics, 

Davies' Metric System, 

Davlea & Peck's Dictionary of Mathematical 

if 
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J^PaHonai Series of Siandard SehoolSooke* 

DAYIE8' NATIONAL COUBSE of MATHEMATIGS. 

ITS RECORD. 

In flatartn^ for this teiiM the flrat pkce tmoog Amerlam text-books, of wbat 
•fttr diM, tiM Pnbttaben M»peal to the magnificent record whkh Its Tolnmei 
Imto eanied dnrlog cbe tkUiif'Jhfe ptart of Dr. Charies DaYies* mathematioA 
kbors. The imnimittiiig exertions of a lifetime have jdacedM«iiiode^ 
Cm same proud eminence among competitors that each of its predecessors hal 
riocesstrelj to}Qj9d in a course of constanfJj improred editions, now rounded td 
tieir perfKt fr n i t i o p for It seems ihnoet that this sdence Is snsoeptSUe of n* 
lurther demonstration. 

During the period alhided to, many anUiors and editors In this department have 
started into pnhUe notice, and by borrowing Ideas and processes original with Dr. 
DaTies, bare ei^)oyed a brief i>opnlarit7, bat are now ahnost unknown. If any of 
the series of UKlay, built upon a slmihtf basis, and described as ** modem books,** 
are destined to a similar Ihte; wlkHe the most (kr-seeing eye will find it difiicnlt to 
fix the time, on the basis of any data afforded by their past histoiy, when these 
hooks win cease to Increase and prosper, and fix a still firmer huld on the afiltetion 
of erery educated American. 

One cause of this unpa r all el ed popularity Is found in the flMrt that the enterprise 
of the author did not cease with the originsl oomfdetion of his books. Always a 
practical teacher, he has incorporated in his text-books firom time to time the ad- 
▼antages of erery Improrement in methods of teaching, and erery adrance In 
sdence. During sD the years in whkh he has been laboring, he constantly sub- 
mitted his own theories and those of others to the practical test of the class-room 
— approTlng, rt!)ectlngt or modUying them as the experience thus obtained might 
surest In this way he has been able to produce an almost perfect series of 
class-books, in whldi erery department of mathematics has recelTed minute and 
exhanstlTe attention. 

Upon the death of Dr. DaTies, which took place in 1876 ; his work was im< 
mediately taken up by his former pupil and mathematical associst e of many years, 
Prof.W.O.PMJK,LLJ>.,ofOolumbUOoUege. Qyhim the original Series is kepi 
carefully revised and not allowed in any way to fidl behind the tiflies. 



DaTIBI* StSTBM n TBM AODfOWLXDOXD NATtONAL Svashabd wqm tbb 
UviTBD States, for the following reasons :« 

let It is the basis of instruction in the great national schools at West Potaift 
and Annapolis. 

Sd. It has received the quaH endorsement of the Hational Congress. 

8d. It is exdnsively used in the public schools ct the Motional GapltsL 

4th. The officials of the Government use it aa aatlu»ity in aU cases Involving 
mathematical questions. 

6Ch. Our great soldiers and sailors commandjwg the national armies and navies 
were educated In this system. So have beena majority of eminent sdentbss in 
thi9 country. All these refer to ** Davies ** as auttiority. 

6th. A larger number of American dtixens have received their education from 
this than from any other series. 

7th. The series has a larger dreulatton throughout the whole country than any 
other, being MifmiMSlfiisecf ill secry/SXa^ III Ms IMot^^ 
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T^ ^aHonai Series of Standard Sehoot^Sooki. 

MATHEMATICS— ContinuKl. 

PECK'S HIGHER COURSE. 

Peck's Manual of Algebra, 
Bringliig the methodfl of Bourdon within the range of the Academic Coone. 

Peck's Manual of Geometry, 

By a method purely practica], and onembanaaied \ij the detafla which ^ 
eonflue than simpUiy science. 

Peck's Practical Calculus, 

Peck's Analytical Geometry, 

Peck's Elementary Mechanics, 

Peck's Mechanics, with Calculus, 

The briefest treatises on these subjects now pablished. Adopted by the greal 
Uniyersities ; Yale, Haryard, Ctolnmbia, Princeton, Conell, ^bc 

ARITHMETICAL EXAMPLES. 
Reuck's Examples in Denominate Numbers, 
Reuck's Examples in Arithmetic, 

These Yolomes diifer from the ordinary arithmetic in their peenUailyiinMMotif 
character. They are composed mainly of examples, and aflbrd the most severe and 
thorongfa discipline for the mind. While a book which should contain a complete 
treatise of theory and practice wonld be too combersome for every-day n8i>, tha 
Insoffldency otpradlcal examples has been a soorce of complaint. 

HIGHER Mathematics. 

Macnie's Algebraical Equations, 

Serying as a complement to the more advanced treatises on Aigebia, giying spe.. 
dal attention to the analysis and solntkm of eqnatioas with nnmerica] ooefl&eienta. 

Church's Elements of Calculus, 
Church's Analytical Geometry, 
Church's Descriptive Geometry, 2 v6ia.f 

These yolnmes constitate the " West Point Coarse ** in their aereral departments. 
Courtenay's. Elements of Calculus, 

A standard work of the very higliest grade. 

Hackley's Trigonometry, 

With appUcatitms to navigation and smryeying, nantiPil and practical geometry 
•adgeodeqr* 
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The National Series of Standard Sehool^Sooks. 

HISTORY. 

Monteith's Youth's History. 

A History of the United States for beffinnera. It is arranged np<m tlie catechetical 
plan, with illastrative maps and enmiongs, review questions, dates in parentheses 
ahat their stud/ may be optional with the Tounger class of learners), and interesting 
Biographical Ssetches of all persons who have oeen prominently identifled with the 
history of oar conntry. 

Willard*s United States, School and Uniyerdty Editions. 

The plan of this standard work is chronologically exhibited in front of the tiUe- 
page : uie Maps and Sketches are found usefmassistants to the memory, and dates, 
nsoaliy so difllcalt to remember, are so systematically arranged as in a great degree 
to obviate the difflcnlty. Candor, impartiality, and accnra^, are the distingaishing 
featares of the narrative portion. 

Willard's Universal History. 

The most valnable features of the ** United States** are reproduced in this. The 
peculiarities of the work are its great conciseness and the prominence given to the 
chronological order of events. The margin marks each successive era with great 
distinctness, so that the pupil retains not only the event but its time, and thus fixes 
tiie order of history firmly and usefhlly in his mind, Mrs. Willard^s books are con- 
stantly revised, and at all times written np to embrace important historical events 
of recent date. 



Lancaster's English History, 

^y the Master ofthe Stonghton G 

f 1iA ** KriAf Iwvtlra ^* T*lmno>h aHnvf 



_, „ Qrammar School, Boston. The most practical of 

the ^* brief books.^* Though short, it is not a bare and uninteresting outline, but 
contains enough of explanation and detail to make intelligible the covm and fffect of 
events. Their relations to the history and development of the American people is 
made specially prominent. 

Willis' Historical Reader, 

Being CoUier^s Great Bventa of History adapted to American schooK This rare 
epitome of general history, remarkable for its charming style and Judicious selection 
or events on which the destinies of nations have turned, has been skiUftilly manipu* 
lated by Prof. Willis, with as flsw changes as would brin^ the United States into its 
proper position in the historical perspective. As reader or text-book it haa few 
equals and no superiors. 

Berard's History of England, 

By an authoress well known for the success of her History of the United States, 
The social life of the English people is felicitously interwoven, as in fiict, with the 
civil and military transactions of the realm. 

Ricord's History of Rome 

Possesses the charm of an attractive romance. The Fables with which this history 
abounds are introduced in such a way as not to deceive the inexperienced, while 
adding materially to the value of the work as a reliable index to the character and 
institutions, as weU as the history of the Boman people. 

Hanna's Bible History. 

The only compendium or Bible narrative which affords a connected and chrono- 
logical view of the imi>ortant events there recorded, divested of ail superfluous detail. 

Summary of History; American, French and English. 

A well-proportioned outline of leading events, condensing Se substance of the 
more extensive text-book in common use into a series of statements so brief, that 
every word may be committed to memory, and yet so comprehensive that it presents 
an accurate though general view of the whole continuous life of nations. 

Marsh's Ecclesiastical History. 

Affording the History of the Churcn in all ages, with accounts Of the pagan world 
during BiUical periods, and the character, rise, and progress of all Religions, as well 
as the various sects of the worshipers of Christ. The work is entirely non>sectarian, 
though strictly catholic A separate volume contains careftilly prepared (^uxstions 
for claas use. 
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g3lg Miiionat Series of Siandard SehootSooJbs. 

DRAWING. 



Chapman's American Drawing Book, 

The standard American text-book and anihorlty m all branches of art A ooQi 
bilation of art principles. A mannal for the amateur, and basis of study for tb« pro* 
tM«ional artist. Adapted for schools and private instruction. 

CoNTEHTS.— " Any one who can Learn to Write can Learn to Draw."— Primary 
Instmction in Drawing.— Rudiments of Drawing the Human Head.— Rudiments ia 
Drawing the Human Figure.— Rudiments of Drawing.— The Elements of Geometry.^ 
Perspectiye.— Of Studjmig and Sketching from Nature.— Of Painting.— Etching aid 
fingravlng.^Of Modeling.— Of Composition —Advice to the American Art-SUmen^ 
. The work is of course magnificently illustrated with all the original designs. 

Chapman's Elementary Drawing Boolt, 

A Progressive Course of Practical Exercises, or a text-book for the training of the 
eye and hand. It contains the elements from the laraer work, and a copy should 
be <n the hands of every pupil; while a copy of the ^* American Drawii^ Book,** 
named above, should be at hand for reference dj the class. 

The Little Artist's Portfolio, 

25 Drawing Cards (progressive patterns), 96 Blanks, and a fine Artistes Pmcil, 
■11 in one neat envelope. 

Clark's Elements of DrawinOi 

A complete course in this gracefhl art, from ue first rudiments of outline to tlM 
finished sketches of landscape and scenery. 

Fowle's Linear and Perspective Drawing, 

For the cultivation of the eye and hand, with copiouB UlnstrationB and direo* 
tions for the guidance of the unskilled teacher. 

Monk's Drawing Books— Six Numbers, per set, 

Bacu book contains devm largepattems, with opposing blanks. No. 1. Elemen* 
tery Studies. No. % Studies of Foliage. No. 8. Landscapes. No. 4. Animals, I. 
Ma 6. Animals, IL No. 6. Marine Views, etc 

Allen's Map-Drawing, Scalei 

This method introduces a new era in Map-Drawing, for the following reasons:— 
1. It Is a system. This is its greatest merit— 2. It is easily understood and taught 
^^. The eye is trained to exact measurement by the use of a scale.— 4, By no spe- 
cial eflbrft of the memory, distance and comparative size are fixed in the mind.-' 
6. It discards useless construction of lines.— 6. It can be taught by any teacher, even 
though there may have been no previous practice in Map-Drawing.— 7. Any pupil 
old enough to studyOeography can learn by this System, in a short time, to draw 
accurate maps.— 8. The f^tem is not the result of theory, but comes directly from 
the school-room. It has been thoroughly and successfully tested there, with all 
trades of pupils.— 9. It is economical, as it requires no mapping plates. It gives 
Qie pupil the ability of rapidly drawing accurate maps. 

Ripley's Map-Drawing, 

Based on the Circle. One ot the most efficient aids to the acquirement of • 
knowledge of Geography is the practice of map-drawing. It is useful for the same 
reason uat the best exercise in orthography is the wrUing of difllcult words. 
Bight comes to the aid of hearing, and a double impression is produced upon the 
memory. Knowledge becomes less mechanical ana more intuitive. The student 
who has sketched the outlines of a country, and dotted the important places. Is little 
likely to Ibrget either. The impression produced may be comparea to that of a 
traveller who has been over the ground, while more covprehentlTe and aceiirate ia 
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2J^e National Series of Standard SchoolSooks. 

BOOK-KEEPING. 

Powers* Practical Book-keeping, $0.90 

Powers' Blanks to Practical Book-keeping, .... 40 

A Treatise on Book-Keeping, for PabUc Schools and Academies. By Millard B. 
Powers, M . A. This work is designed to impart instruction npon the science of ac- 
counts, as applied to mercantile business, and it is believed that more knowledge, 
and that, too, of a more practical nature, can be gained by the plan introduced in 
this work, than by any other published. 

Folsonn's Logical Book-keeping, $1.40 

Folsom's Blanks to Book-keeping, 3.50 

This treatise embraces the interesting and important discoveries of Prof. Folsom 
(of the Albany ** Bryant & Stratton College ")i the partial enunciation of which in 
lectures and otherwise has attracted so much attention in circles interested in com- 
mercial educatfon. 

After studying business phenomena for many years, he has arrived at the positive 
laws and principles that underlie the whole subject of Accounts ; finds that the 
science is based in Yatue as a generic term : that value divides into two cUuhs with 
Taried species; that all the exchanges of values are reducible to nine equations; 
and that all the results of all these exchanges are limited to ihirUen in number. 

As accounts have been universally taught hitherto, without setting out flrom a 
radical analysis or definition of values, the science has been kept in great obscurity, 
and been made as difficult to impart as to acquire. On the new theory, however, 
these obstacles are chiefly removed. In reading over the first part of it, in which 
the governing laws and principles are discussed, a person with ordinary intelligence 
will obtain a fliir conception of the douMe entry process of accounts. But when he 
comes to study thoroughly these laws and principles as there enunciated, and works 
out the examples and memoranda which elucidate the iMrUen resulU of business, 
the student will neither fail in readily acquiring the science as it is, nor in becoming 
able intelligently to apply it in the interpretation of business. 

Smith & Martin's Book-keeping, $0.90 

Smith & Martin's Blanks, 40 

This work is by a practical teacher and a practical book-keeper. It is of a 
thoroughly popular class, and will be welcomed by every one who loves to see 
theory and practice combined in an easy, concise, and methodical form. 

The Single Entry portion is well adapted to supply a want felt in nearly all other 
treatises, which seem to be prepared mainly for the use of wholesale merchants, 
leaving retailers, mechanics, flirmers, etc., who transact the greater portion of the 
business of the country, without a guide. The work is also commended, on this 
account, for general use in Young Ladies* Seminaries, where a thorough grounding 
in the simpler form of accoimts will be invaluable to the fhture housekeepers of the 
nation. 

The treatise on Double Entry Book-keeping combines aD the advantages of the 
most recent methods, with the utmost simplicity of application, thus affording the 
pupn all the advantages of actual experience in the counting-house, and giving a 
dear comprehension of the entire subject through a judicious course of mercantile 
tnnsactioDS. 
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J%e J^aHonat Series of Standard Sehooi^l^ooItSm 

NATURAL SCIENCE. 



FAMILIAR SCIENCE. 
Norton & Porter's First Book of Science, 

"Rj eminent FrofessorB of Yale College. Contains the principlefl of Natpn4 
PhiioBophy. Astronomy, Chemistry, Physiology, and (Geology. iCnanged on M 
Catechetical plan for primary classes and b^^inners. 

Chambers' Treasury of Knowledgei 



iTonnd 

from tl . . « „ . . 

miscellaneons substances ; thirds a systematic view of Nature under the Tariouf 
sciences. May be used as a Beader or Text-book. 

NATURAL PHILOSOPHY. 
Norton's First Book in Natural PhilosophVi 

9y Prof. NoBTON, of Yale College. Designed for beginners. Proftiselyillustratea 
and arranged on the Catechetical plan. 

Peck's Ganot's Course of Nat. PhilosophVi 

' The standard text-book of France, Americanized and popularized by Prof. Pios,- 
of Columbia College. Tho most magnificent system of illnstration erer adopted in 
an American school-book is here found. For intermediate classes. 

Peck's Elements of Mechanics, 

A suitable introduction to Bartlett*s higher treatises on Mechanical Fliilosophy, 
and adequate in itself for a complete academical course. 

Bartlett's syhthetic, and analytic, Mechanics, " 
Bartlett's Acoustics and Optics, 

A system of Collegiate Philosophy, by Prof. Babtlbtt, of West Point Militarf 
Academy. 

Steele's 14 Weeks Course in Philos. (see p. 84) 
Steele's Philosophical Apparatus, 

Adequate to performing the experiments in the ordinary text-books. The artkkt 
will be sold separatelit IT desired. See special circular for details. 

GEOLOO-Y. 
Page's Elements of Geology, 

A volume of Chambers* Educational Course. Practical, simple, and eminentlf 
calculated to make the study interesting. 

Emmons' Manual of Geology, 

The first (SeologiBt of the country has here prodnoed a work worthy of his repa 
tation. 

Steele's 14 Weeks Course (see p. 84) 
Steele's Geological Cabinet, 

Containing 125 careftiUy selected specimens. In ftnir parts. Sold sepsiatelr, tf 
iMdred. See draUar for detaito. *—— v« 
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NATURAL SCIENCE- Continued. 

CHEMISTRY. 
Porter's First Book of Chemistry, 
Porter's Principles of Chemistry, 

The above are widely known as the prodnctione of one of the moBt eminent acien- 
tiflc men of America. The extreme simplicity in the method of presenting the 
science, wliile exhaustively treated, has excited universal commendauon. 

Darby's Text-Book of Chemistry, 

Purely a Chemistry, divesting the subject of matters comparatively foreign to It 
(such as heat, light, electricity, etc.), but usually allowed to engross too much atten- 
tion in ordinary school-books. 

Gregory's Chemistry, (Organic and Inorganic, each) 

The science exhaustively treated. For colleges and medical students. 

Steele's Fourteen Weeks Course, 

A successftal effort to reduce the study to the limits of a t^U term, (See page 84.) 
Steele's Chemical Apparatus, 
Adequate to the performance of all the important experimenta. 

BOTANY. 

Thinker's First Lessons in Botany, 

For children. The technical terms are largely dispensed with in fkvor Of an easy 
and fluniliar style adapted to the smallest learner. 

Wood's Object-Lessons in Botany, 
Wood's American Botanist and Florist, 
Wood's New Class-Book of Botany, 

The standard text-books of the United States in this department In style they 
are simple, popular, and lively ; in arrangement, easy and natural ; in description, 

Saphic and strictly exact. The Tables for Analysis are reduced to a perfect system, 
ore are annually sold than of all others combined. 

Wood's Descriptive Botany, $1.25 

A complete Flora of all Plants growing east of the Mississippi River. 

Wood's Illustrated Plant Record, 65 

A simple form of Blanks for reoording observations in the field. 

Wood's Botanical Apparatus, 8.00 

A portable Trunk, containing Drying Press, Knife, Trowel, Microscope, and 
Tweezers, and a copy of Wood^s Plant Record— the Collector's complete outfit. 

Willis's Flora of New Jersey, 1.50 

The most usefhl book of reference ever published for collectors in all parts of the 
country. It contains also a Botanical Directory, with addresses of living American 
botanists. 

Young's Familiar Lessons in Botany, 1.40 

Combining simplicity of diction with some degree of technical and scientific 
knowledge, for intermediate classes. Specially adapted for the Southwest. 

Darby's Southern Botany, 1.40 

Embracing general Structural and Physiological Botany, with vegetable products, 
and descripnons of Southern plants, and a complete Flora of the Southern States. 

Steele's 14 Weeks Course in Botany — (see p. 84). . . 1.00 
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NATURAL SCIENCE— Continued. 

PHYSIOLOGY. 

JamV Elements or Physiology, 
Jarvis' Physiology and Laws of Health, 

The only books extant which approach this sabject with a proper view of th« 
true object of teaching Physiology in schools, viz., that scholars may know how to 
take care of their own health. In bold contrast with the abstract AnaJUmAes. which 
children learn as they would Greek or Latin (and forget as soon), to discipline the 
mjndf are these text-books, using the science as a secondary consideration, and only 
so fiir as is necessary for the comprehension of the laws qfluaMh, 

Hamilton's Vegetable and Animal Physiology, 

The two branches of the science combined in one volume lead the student to % 
proper comprehension of the Analogies of Nature. 

Steele's Fourteen Weeks Course, 

In the popular style, avoiding technical and purely scientific formulas. It con- 
tains beantifhl and vivid illustrations, some of them colored, and a blackboard 
analysis of the skeleton. The sections on diseases and accidents, and tlieir prompt 
home treatment, give the book great practical value (see p. 84). 

ASTRONOMY. 

Willard's School Astronomy, 

By means of dear 'and attractive illustrations, addressing the eye in many cases 
bv analogies, carefhl definitions of all necessary technical terms, a carefal avoidance 
of verbiage and unimportant matter, particular attention to analysis, and a general 
adoption of the simplest methods. Mrs. Willard has made the best and most at- 
tractive danenUnnf Astronomy extant 

Mclntyre's Astronomy and the Globes, 

A complete treatise for intermediate classes. Highly approved. 

Bartlett's Spherical Astronomy, 

The West Point course, for advanced classes, with applications to the current 
wants of Navigation, Geography, and Chronology. 

Steele's Fourteen Weeks Course, 

Beduced to a single term, and better adapted to school use than any work here- 
tofore published. Not written for the information of scientific men, but for the 
inspiration of youth, the pages are not burdened with a multitude of figures which 
no memory could possibly retain. The whole subject Is presented In a clear and 
concise form. (See p. 84) 

NATURAL HISTORY. 
Carll's Child's Book of Natural History, 

Illustrating 
the Arts. For 

ZOOLOGY. 

Chambers' Elements of Zoology. 

A complete and comprehensive system of Zoology, adapted tor academic Instruc- 
tion, presenting a systematic view of the Animal Kingdom as a portion of externa^ 
Nature. 

Steele's Fourteen Weeks Course, 

Notable for its superb and entertaining illustrations, which include every ani- 
mal named ; blackboard tables of classification and tabular review of the whole 
animal kingdom ; interesting and characteristic fiicts and anecdotes ; directions for 
CAUecUng and preserving specimens, etc., etc. (See p. 84.) 



Illustrating the Animal, Vegetable, and Mineral Kingdoms, with applicatien to 
r Degiuners. Beautifhlly and copiously iUnstrated. 
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NATURAL SCIENCE. 



"FOUETEEIT WEEKS" IN EACH BMNOH. 

By J. DORMAN STEELE, A.M. 

Steele's 14 Weeks Course in Chemistry (New Ed.) | 

Steele's 14 Weeks Course in Astronomy 

Steele's 14 Weeks Course in Philosophy 

Steele's 14 Weeks Course in Geology 

Steele's 14 Weeks Course in Physiology 

Steele's 14 Weeks Course in Zoology 

Steele's 14 Weeks Course in Botany 

Oar Text-Books in these studies are, as a general thing, doll and uninteresting; 
They contain from 400 to 000 pages of diy fietcts and unconnected details. They 
ahoond in that which the stodent cannot learn, much less remember. The papil 
commences the stady, is confhsed by the fine print and coarse print, and neither 
knowing exactly what to learn nor wliat to hasten over, is crowded through the 
single term generally assigned to each branch, and frequently comes to the dose 
withont a definite and exact idea of a single scientific principle. 

Steele's Fourteen Weeks Courses contain only that which every weD-informed 
person should know, while all that which concerns only the professional scientist 
is omitted. The language is dear, simple, and interesting, and the iUnstrationa 
bring the subject within the range of home life and daily experience. They give 
such of the general principles and the prominent fiicts as a pupil can make fimiH- 
ior as household words within a single term. The type is large and open ; there 
is no fine print to annoy ; the cuts are copies of genuine experiments or natural 
phenomena, and are of fine execution. 

In fine, by a system of condensation peculiarly his own, the author reduces each 
branch to the limits of a single term of study, while sacrificing nothing that is es- 
sential, and nothing Uiat is usually retained flx>m the study of the larger manuala 
in common use. Thus the student has rare opportunity to eoonon^isse Ms time^ or 
rather to employ that which he has to the best advantage. 

A notable feature is the author's charming " style," fortified by an enthnsiasm 
over his subject in which the student will not fiiil to partake. Believing that 
Natural Science is fliH of ihscination, he has moulded it into a form that attracts 
Yhe attention and kindles the enthusiasm of the pupiL 

The recent editions contain the author's ** Practical Qn^tions'* on a plan never 
before attempted in scientific text-books. These are questions as to the nature 
and cause of common phenomena, and are not directly answered in the text, the 
design being to test and promote an intelligent use of the student's knowledge of 
Ihe foregoing principles. 

Steele's General Key to his Works $1.00 

This work is mainly composed of Answers to the Practical Questions, and Solu- 
tions of the Problems, in the author's celebrated *^ Fourteen Weeks Courses " in 
the several sciences, with many hints to teachers, minor Tables, &c. Should be 
on every teacher's desk. 
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J^ationat Series ofSeatidard Sehooi^SooJbs* 

LITERATURE. 



Gilman's First Steps in English Literature, 

The character and plan of this exqaieito litUe text-book maj be best naderfwoi 
from an analysiB of its contents : 

iHTBODUcnoH. Chapter I, Historical; n. Definition of Terms; m, Langnages 
of Bnrope, with Chart. . . ^ _^ ^ 

PmoD OF iMMATiTBB BiTousH, with Chart. Chapter IV, Original English ; Y , 
Broken English ; YI, Dead English ; VII, Beviving Ki^sh. 

PCBiOD OF Matuu Enoush, wlth Chart. Chapter vm. The Italian Infloence ; 
IX, Pnritan Influence; X, French Influence ; XI, Ace of Pope ; Xn, Age of John- 
son ; YTTT^ Age of l*oetical Bomance ; XIV, Age of nose Bomanoe. 

The Tolnme condndes with a Chart of Bible Translations, a Bibliography or 
Guide to General Beading, and other aids to the student. 

Cleveland's Compendiums, 

English Liteeatubb. American Litebatubb. 

English Litebatubb op the XIXth Centubt. 

In these volumes are gathered the cream of the literature of the En^sh-speaking 

people for the school-room and the general readei-. Their r^utation is national. 

Kore than ISSgOOO copies have been sold. 

Boyd's English Classics, 

Milton's Pabadise Lost. Thokson'b Seasons. 

Young's Night Thoughts. Pollok's Coubse op Time. 

Cowpeb's Task. Table Talk, &c. Lobd Bacon s Essays. 

This series of annotated editions of great Enfl^sh writen, in prose and poetrj. 
Is designed for critical reading and narsing in schools. Pro£ 3. B. Boyd proves 
himself an editor of high capaatj, ana the works themselves need no e nc o miu m. 
As auxiliary to the study of Belles Lettres, etc, these works have no equal 

Pope's Essay on Man, 
Pope's Homer's Iliad, 

The metrical translation of the great poet of antiquity, and the matchless ** Essay 
on the Nature and State of Man," oy Ajlexamdxb R>fb, afford superior exercise in 
literature and parsing. 



-^ESTHETICS. 



Huntington's Manual of the Fine Arts, 

A view of the rise and progress of Art in diiferent countries, a brief aecount o( 
the most eminent masters ofArt,andan analysis of the priuoiples of Art. It i# 
complete in itself, or may precede to advantage the critical work of Lord Kames. 

Boyd's Kames' Elements of Criticism, 

The best edition of this standard work ; without the study of which none may b^ 
considered proficient in the science of the Perceptions. Ho other si;ndr can be pw 
sued with so marked an ^fftoct upon the taste and reflnemem of tne yvpil. 
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27^ J\raiionai Series 'of Standard School^Sooks, 

PUNCTUATION. 
Cocker's Hand-Book of Punctuation, $0.50 

With Instructions for Capitalization, Letter-Writing and Proof-Beadinff. Most 
works on tliis snbject are so abstmse and technical that the nnprofessionu reader 
finds them difficult of comprehension ; bat this little treatise is so simple and com- 
prehensive that persons of very ordinary intelligence can readily nnderstand and 
apply its principles. 

MIND AND MORALS. 
Mahan's Intellectual Philosophy 1.25 

The subject exhaostively considered. The author has evinced learning, candor, 
and independent thinking. 

Mahan's Science of Logic 1.40 

A profound analysis of the laws of thought. The system possesses the merit of 
being intelligible and self-consistent. In addition to the author^s careftiUy elabo- 
rated yiewB.lt embraces results attained by the ablest minds of Great Britain, Ger- 
many and France, in this department. 

Boyd's Elennents of Logic 0.90 

A systematic and philosophic condensation of the subject, fortified with additions 
from Watts, Abercrombie, Whately, ^. 

Watts on the Mind . * 0.35 

The Improvement of the Mind, by Isaac Watts, is designed as a guide for the at- 
tainment of nsefhl knowledge. As a text-book it is unparalleled ; and the disci- 
pline it affords cannot be too highly esteemed by the educator. 

••■♦ •• 

Peabody's Moral Philosophy 0.90 

A short course ; by the Professor of Christian Morals, Harvard University— for 
the Freshman Class and for High Schools. 

Alden's Text-Book of Ethics 0.40 

For young pupils. To aid in systematizing the ethical teachings of the Bible, and 
point out the coincidences between the instructions of the sacred volume and the 
sound conclusions of reason. 

Wil lard's Morals for the Young . 0.50 

Lessons in conversational style to Inoicate the elements of moral philosophy. 
The study is made attractive by narratives and engravings. 

GOVERNMENT. 
Howe's Young Citizen's Catechisnn 0.50 

Bzplahiine the duties of District, Town, City, Ck)unty, State, and United States 
Officers, wim rules for parliamentary and commercial business. 

Young's Lessons in Civil Government 0.90 

A comprehensive view of Government, and abstract of the laws showing the 
ri^ts, duties, and responsibilities of citizens. 

Mansfield's Political Manual 0.90 

This is a complete view of the theory and practice of the General and State Gov- 
ernments, designed as a text-book. The author is an esteemed and able professor of 
constitutional law, widely known for his sagacious utterances in the public press. 

Martin's Civil Government 0.90 

Emanatins^ from Massachusetts State Normal School. Historical and statistical. 
Each chapter summarized by a succinct statement of underlying principles on which 
good government is based. 

Gallaudet's International Law 0.90 

Published 1879, and the only work bringing the subject within the compass of a 
convenient text-book. 
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TTke JVattonat Series of Standard Sehoo9'J$oOft9. 

MODERN LANGUAGE. 

Illustrated Language Primers, 

French Ain> English. German and English. 

Spanish and English. 

Th6 names of common objects properly iUnstrated and arranged in easy lessonsw 

Ledru*s French Fables, 

Ledru's French Grannmar, 

Ledru's French Reader, 

The author's long experience has enabled him to present the most thoroughly' 
practical text-books extant, in this branch. The system of pronunciation (by pho- 
netic illostration^ is original with this author, and will commend itself to all Ameri- 
can teachers, as it enabtes their pnpUs to secure an absolutely correct pronunciation 
without the assistance of a nature master. This feature is peculiarly valuable also 
to **self-taughf students. The directions for ascertaining the gender of French 
nouns— also a great stumbling>block— are peculiar to this work, and will be found 
remarkably competent to the end proi>osed. The criticism of teachers and the test 
of the school-room is invited to tms excellent series, with confldence. 

Wornnan's French Echo, 

To teach conyersational French by actual practice, on an entirely new plan, which 
recognizes the importance of the student leamine to think in the utnguage widch he 
apeiucs. It ftumisnes an extensive yocabulary oiwords and expressions in common 
use, and suffices to tree the learner from the embarrassments which the peculiarities 
of his own tongue are likely to be to him, and to make him thoroughly ramiliar with 
the use of proper idioms. 

Wornnan's Gernnan Echo, 

On the same plan. Bee Worman's German Series, page 49. 

Pujol's Complete French Class-Book, 

Offers, in one volume, methodically arranged, a complete French course— usually 
embraced in series of from five to twelve books, including the bulky and expensive 
Lexicon. Here are Grammar, Conversation, and choice Literature— selected from 
the best French authors. Bach branch is thoroughly handled ; and the student, 
having diligentlv completed the course as prescribed, may consider himself, without 
ftirther application, au/aU in the most polite and el^nt language of modem times. 

Pujol's French Grammar, Exercises, Reader, 

These volumes contain Fart I, Parts n and m, and Part IV of the Ck)mplete Class- 
Book respectively, for the convenience of scholars and teachers. The Lexicon is 
bound with each part 

Maurice-Poitevin's Grammaire Francaise, 

American schools ara at last supplied with an American edition of this fkmous 
text-book. Many of our best insntutions have for years been procuring it from 
abroad rather than forego the advantages it offers. The policy of putting students 
who have acquired some proficiency from the ordinary text-books, into a Grammar 
written in the vernacular, cannot be too highly commended. It affords an opportu- 
nity for finish and review at once ; while embodying abundant practice of its own 
rules. / 

Joynes' French Pronunciation, 

Wi I lard's Historia de los Estados Unidos, 

The History of the United States, translated by Professors Tolon and Db Tobncs, 
wiU be found a valuable, instructive, and entertaining reading-book for Spanish 
cksses. 
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TH E CLASSI CS^ 

LATIN. 
Silber's Latin Course, 

Tli« book eonteina m Epitome of Latin Orammar, foHowed by Readhiff Ezerdaec 
with ezplaiiatonr Note* and oopioos Beferenoea to tha leading I^lin GtuimanTTna 
•laotodMEpltomawliklipreee^ Then folloirrLatln.Engli8rv^i^ 

Ury and Exendaea in Latin Proae Compoaition, being thna complete in itaell and a 
▼ery aoitablo work to put in the handa of one about to atodj the langnageT^ 

Searing's Virgil's iEneid, 

It contalna only toe Urat aix booka of the JEndd. «. A Tery earefuHy eonatrneted 
pictik>nary. 8. BulBdentty oopioua Noteai 4. Orammatieal referenoea to four lead- 
Ing Orammara. 5. Numeroua Uluatrationa of the higheat order, 6. A auperb Mas 
of th« Mediterranean and a4jMent conntrien 7. Dr. 8. a Taylor'a »*Qu£tiona on 
the wiPneid." a A Metrical Index, and an Eaaay on the Poetical Style. 9. A photo- 
graphle /M afmOa of an early Latin M.8. 10. The text aeoording to Jahn. but pariP 
graphed acco r d in g to Ladewig. 11. Superior mechanical exdcntion. 

** naye examined it with great pleasure and can saflBly nay it is &e beet edition 
of Viigil with which I am acqiiauited."--PBOF. Lisub Wambkcb, BeU^d Cci* 
UgtyKr 

**Am Mfymnch pleased. In following points think it sarpaeees: instmctiye 
llhiBtrations. pointed and sensible notes where they are convenient to nee, and a 
▼ucabalary aiat gives the derivation of Latin tDord8.^''^FBSJX, £. L. Biohabdbon, 
AdeUson Union School, If, T. 

*^ A fine specimen of art, and edited in a maaUrly moniMr.**— Supt. W. C. Bora, 
Lawrence IWfUc ScAoote, Kansas. 

** Of Searing's Virgil I cannot speak in too high terms. While as a text-book 
It contains as many excellences as any I have ever seen, the flnencM of the paper 
and the beauty of typography and exceeding neatness make it an ornament for the 
centre-table."— Pbin. B. C. Spaldimo, Jfitnda Academy^ If, Y. 

^V Forpaiker UsHnumials, see page 45. 

Blair's Latin Pronunciation, 

An inqniiy into the proper sounds of the Language during the Claasical Period. 
By Prof: Blair, of Hampden Sidney College, Ya. 

G-BEEK. 
Crosby's Greek Grammar, 
Crosby's Xenophon's Anabasis,* 



MYTHOLOG-T. 
Dwight's Grecian and Roman Mythology. 

I School edition, Uniyersity edition, 

A knowledge of the fltbles of antkiaity, thus presented in a systematic form, is m 
Ihdispenssble to the stcdent ofgeneral literature as to him who would peruse intelli- 
gently the ci s s s icsl authors. The mythological allosiona so frequent in Ittetature *•* 
leaday understood with such a Key as thia.. 
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